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(ABSTRACT) 

Liquid phase '°C DNP experimental data were collected in a flow transfer system 

for different organic molecules, such as acetone, acetaldehyde, diethyl malonate, ethyl 

acetoacetate, diphenylmethane, and triphenylmethane. These molecules represent a wide 

range of functional groups with different acidities of the respective carbon-hydrogen 

bonds. The '°C DNP results demonstrated that the scalar dominated enhancement is 

sensitive to the acidity of carbon-hydrogen bonds as well as to the correlation times of the 

sample molecules. A hydrogen bonding spin polarization model is used, for the first time, 

to interpret the scalar components induced by the nitroxide free radical at the carbon sites 

of the acidic carbon-hydrogen bonds. 

Three aromatic molecules: nitrobenzene, |, 2-dichlorobenzene, and toluene, are 

studied by the solution'*C DNP technique. The scalar components for the ring carbons 

are sensitive to the electronic environment of these carbon sites. A spin delocaliztion



model is used, for the first time, to explain the scalar contribitions for the '°C DNP 

enhancements of the ring carbons. 

Both 'H and °C DNP experiments are performed for the Taxol/TEMPO (2, 2, 6, 

6-tetramethyl-1-piperidinyloxy) system. The different 'H enhancements for the hydrogens 

in the two acetyl groups indicate the different accessibility of these groups to the free 

radical. The ‘°C DNP results for the skeleton carbons of Taxol show the different 

accessibility of these carbon sites to the free radical. 

The solution '°C DNP result of adamantane indicates that the DNP enhancements 

and thus the correlation times for the two different carbon sites are very close under the 

high free radical concentration. 

The '°C DNP study of C7 empty cage fullerene suggests that the endcap carbons 

are more accessible than those at the center of the cage, and that the scalar coupling 

between the cage carbons and the free radical is very weak.
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CHAPTER 1: INTRODUCTION 

1.1 Background 

Dynamic nuclear polarization (DNP) is a double magnetic resonance technique in 

which a nuclear magnetic resonance (NMR) signal is observed while the electron 

resonance transition is simultaneously saturated. The system subjected to a DNP analysis 

generally consists of at least two non-identical spins, for example, a nuclear spin system 

and an unpaired electron spin system. In solutions, due to the random molecular motion, 

the unpaired electron spins interact with the nuclear spins. This interaction is called 

nuclear-electron coupling. When the sample solution is placed in a static magnetic field, 

the Zeeman effect causes the splitting of the spin levels of both the nuclear spins and the 

unpaired electron spins, therefore, a Boltzmann distribution of the spin populations in the 

spin levels is established. The relative population difference of the spins is called 

polarization. In order to develop a qualitative understanding of the DNP phenomenon, an 

energy level diagram for the nuclear-electron spin coupled system is shown in Figure 1.1. 

In this diagram, the single quantum transitions between the energy levels 1-2, 3-4, 1-3, 

and 2-4 are theoretically allowed. Among these transitions, 1-2 and 3-4 are the nuclear 

transitions which can be observed in the NMR spectrum. The transitions 1-3 and 2-4 are 

the electron transitions which can be saturated by the microwave radiation. The
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Figure 1.1 Energy Level Diagram for the Nucleus-Electron Spin Coupled System 

with [=1/2 and S=1/2: (a) Equilibrium Distribution of the Electron and 

Nuclear Spins; (b) Spin Distribution after the Saturation of the 

Electron Transitions. (The hatched area in the diagram represents 
electron spin population which are transferred). 
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transitions 4-1 and 3-2 are zero quantum and double quantum transitions, respectively. 

These transitions are spectroscopically forbidden and cannot be excited by 

electromagnetic radiation. However, both transitions (zero and double) are allowed in 

relaxation. In Figure 1.1, the thickness of the “bars” indicate the relative populations 

occupying the different energy levels, N; to N4 represent the level populations of the 

coupled nuclear-electron spins under the equilibrium conditions, N; to Ng correspond to 

the level populations after the saturation of the electron transitions. The NMR signal is 

proportional to the population differences between energy levels 1-2 and 3-4. The initial 

equilibrium population distribution is shown in Figure 1.1 (a). If the electron transitions 

are saturated, the electron populations at levels 1 and 3 are equal. The electron 

populations at levels 2 and 4 also become equal. In Figure 1.1 (b), the electron 

populations transferred from the low to high energy levels are indicated by the black bars. 

If the single quantum relaxations were the only ways to reach a new equilibrium, the 

equalization of the electron populations would have no effect on the total intensity of the 

nuclear signal since the nuclear populations are not affected by the saturation of the 

electron transitions. Due to the existence of the allowed relaxation process labeled Wo 

and W2, the relative nuclear populations between levels 1-2 and 3-4, and therefore the 

NMR signal intensity, are changed in the relaxation process. Specifically, since Ng>Nq 

and N;:>N, the relaxation process labeled Wo tries to increase Ny at the expense of Ni: 

so that a new equilibrium can be established. This causes an increase in the nuclear 

population differences between levels 1-2 and 3-4 which determine the intensity of the



NMR signal. This, in fact, is an NMR signal enhancement. On the other hand, the 

relaxation process labeled W> tries to increase N3 at the expense of N2’. This reduces the 

nuclear population differences between levels 1-2 and 3-4 thereby tending to reduce the | 

NMR signal intensity. Depending on the magnitudes of the contributions from Wo and 

W>, the combination of these two relaxation processes determines the sign and magnitude 

of the enhanced NMR signal. The phenomenon that the equalization of the unpaired 

electron spin populations in the spin levels induces an increase of the nuclear spin 

population difference is normally called dynamic nuclear polarization. The theoretical 

signal enhancement is proportional to the magnetogyric ratio ( y ) of the electron and 

nuclear spin. Since y of the electron spin is two to three orders larger in magnitude than 

that of the nuclear spin, tremendous sensitivity improvements for the observed NMR 

signals can be predicted. In practice, however, only part of the ultimate enhancement can 

be observed because of the limitations of the experimental methods and the instruments. 

In contrast to NMR methods, DNP techniques are more informative about the 

molecular motions of small molecules. NMR methods are very effective for studying the 

systems with long correlation times, such as the case of large molecules, high viscosity 

sample solutions, or long complexation times between the solvent and solute molecules. 

To investigate molecular motions of small solvent molecules, a technique that is 

sensitive to short correlation times (t, < 10°'! seconds) is needed, and the solution DNP 

technique satisfies this requirement. Because of this sensitivity nature, DNP techniques 

have been utilized to characterize the transient intermolecular interactions between a free



radical (one kind of the unpaired electron spin system) and the nuclei of interest in a 

molecule. The free radical employed in a DNP experiment works as a molecular probe 

which interacts with the nuclei of sample molecules by two different mechanisms. One is 

dipolar coupling, which is the direct interaction between the unpaired electron magnetic 

dipole and the nuclear magnetic dipole through the interspin space. This interaction 

occurs whenever an unpaired electron and a magnetic nucleus are present in the system. 

The other coupling mechanism is called scalar interaction, which occurs when an excess 

of electron spin density is transferred from the paramagnetic molecule to the nuclei of the 

sample molecule during the intermolecular collisions. Scalar coupling is also called 

contact interaction because the interaction involves the overlapping of the wavefunctions 

of the molecular orbitals of the electron and nuclear spins. The intermolecular dipolar and 

scalar interactions are monitored as enhanced NMR signals in a DNP experiment. A 

detailed discussion of the dipolar and scalar coupling mechanisms is given in Chapter 2. 

1.2 Review of Solution ‘H and °C DNP 

The DNP phenomenon was first predicted by Overhauser in 1953 for the 

conducting electrons in a metal.? Other early DNP studies were performed by Jeffries? 

and Abragam.* 

The first two DNP experiments were reported by Carver and Slichter in 1953.° 

They successfully polarized the "Li nucleus in metallic lithium.



From 1956 to 1961, several nuclei were studied by DNP techniques using 

different paramagnetic molecules. The experiments were performed by changing the 

magnetic fields from 1 to 13,000 gauss and the temperature from 1° to 350° K. Three 

different detection methods were used. 

The coupling between the nuclear spin and an unpaired electron spin is essential 

for obtaining the dynamic nuclear polarization effect. The paramagnetic species for the 

DNP experiments can be in the following forms: the conduction electrons in metals or 

metal ammonia solutions; the donor or acceptor electrons in semi-conductors; 

paramagnetic ions in a diamagnetic solid; paramagnetic ions in solution; free radicals; 

and color centers. 

The DNP effects may be detected by at least three different methods: 

enhancement of the NMR signal; the shift in the EPR frequency; and the B asymmetry or 

y anisotropy from a polarized radioisotope. Among the three detection techniques, the 

detection of the enhanced NMR signal is commonly adopted. 

Two important applications of the DNP technique have been in the studies of 

weak intermolecular interactions,” and in the detection of NMR signals which cannot be 

monitored with an ordinary high resolution NMR spectrometer. 10 

Among the two coupling mechanisms, scalar coupling is sensitive to the chemical 

and electronic environment of the receptor molecules. One of the most significant 

applications of DNP techniques in recent years has been in investigations of the dynamics



of molecular interactions which involve the scalar coupling between solvent and free 

radical molecules.!"!! 

In this review, 'H and '°C DNP investigations of the dipolar and scalar 

interactions between some solvent molecules and free radicals are summarized. 

1H DNP 

Kramer et al., Muller-Warmuth, and Richards et al. investigated the interactions 

between protons in diamagnetic molecules and free radicals.'*'!© It was found that the 

interactions are dipolar dominated and modulated by translational motion, little scalar 

contribution can be observed. In addition, the ultimate enhancement of the proton has 

little or no association with its chemical and electronic environment in the molecule 

because of the absence of significant scalar contribution. 

For some special systems, scalar dominated proton enhancements have been 

observed. One of the examples was aqueous solutions of manganese ions (Mn?*),"” The 

water molecule in the hydration sphere of the manganese ion experiences a scalar 

interaction with the unpaired manganese electrons. This interaction is modulated either by 

the rapid flipping of the electron spins or by the chemical exchange of the water 

molecules in the hydration sphere, depending on the temperature. Dwek et al,'®19 

reported positive 'H enhancements for the t-butyl groups of 2, 4, 6-tri-t-butylphenol in 

solutions of 2, 4, 6-tri-t-butyl phenoxyl (TTBP) radical. The positive enhancements were



explained as a result of hydrogen atom exchange between TTBP and the tri-t-butyl 

phenol. For the solutions of alkali metals in liquid ammonia or hexamethyl 

phosphoramide, positive 'H DNP enhancements are also found.” In these solutions, the 

metal is completely dissociated into M” and “free electrons”. The “free electrons” reside 

in cavities formed by solvent molecules, and their wave functions overlap with those of 

the solvent molecules, resulting in a spin density transfer from the electron to the solvent 

nucleus and a scalar coupling. 

Bates et al. observed small scalar components in the enhancement of the 

CHCl3:DTBN (di-tert-butyl nitroxide) system.”! This result indicated that unpaired 

electron spin density was transferred from the free radical to the hydrogen of CHCls. 

Bates stated in his review:** “The CHCl;-DTBN study is of significance because it 

showed the importance of DNP detection of hydrogen bonding in systems other than 

those in which the H is bonded to a N or an O atom. It also demonstrated the value of 

using replicate samples of CHCl3:C6D¢ and CDCl3:CsHs with the same nitroxide 

concentration to determine 'H enhancements by the ratio method at low magnetic fields 

where chemical shifts are too small to resolve chemically different nuclei.” Several free 

radicals for 'H and '°C DNP experiments are shown in Figure 1.2. 

Helbert et ail. studied the interactions between trifluoroacetic acid and several 

radicals by the 'H DNP technique. Positive proton enhancements were observed for 

trifluoroacetic acid.” They also studied the hydrogen bonding tendency between
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imidazoline nitroxides and several different solvents (acetone, chloroform, and 

trifluoroacetic acid). For acetone, the proton enhancements always reach the dipolar limit, 

while for chloroform, the enhancement is smaller than the dipolar limit, suggesting the 

existence of a scalar component. 

Dorn et al. have developed a flow transfer DNP instrument and have used it to 

study the liquid-liquid and solid-liquid intermolecular transfer 'H DNP of several organic 

solvents, such as benzene, chloroform, dichloroform, acetonitrile, 1-chlorobutane, n- 

hexane, ethylbenzene, and n-propylbenzene.'* With this novel approach, relatively large 

dipolar 'H DNP enhancements were observed. They also used the flow transfer 

instrument to study the conformation of taxol in organic solutions.”° 

Recently, Grucker et al. investigated the 'H DNP parameters in biological fluids 

by dissolving several different nitroxide free radicals in the fluids.*° The goal of their 

study was to obtain the 'H DNP parameters for the biological/nitroxides systems in order 

to provide guidelines for the design of new nitroxides which are suitable for the 

biological applications of the DNP technique. It was found that nitroxides with a long 

side chain resulted in poor enhancement possibly because of the formation of micelles 

when the nitroxides were dissolved in water. Another conclusion of this work is that the 

nitroxides which have narrower EPR linewidth exhibit larger enhancement. The 'H DNP 

enhancements for the whole blood/nitroxide systems were lower than the other biological 

solutions studied, such as albumin/nitroxide solutions, serum/nitroxide solutions. This is 

mainly attributed to the decrease of the f factor in the whole blood/nitroxide solutions. In 
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order to improve the performance of the nitroxides in the DNP studies of biological 

systems, the authors suggested the use of '°N and “D-substituted nitroxides to bind the 

nitroxides either to a macromolecule or to a long side chain so that the saturation factor s 

and the leakage factor fcan be improved. 

Another research work completed by Grucker er al. on 'H DNP of water/nitroxide 

system involved the saturation of the o EPR transitions of nitroxides in low magnetic 

fields.*’ Although theoretical predications have indicated that the DNP effect could not be 

produced by saturation of o transitions, the experimental work by these authors has 

shown that DNP with o EPR irradiation is allowed at low magnetic fields. This work is 

significant because it develops a promising method that can be used to overcome the 

overheating problem in the biological applications of DNP. It is also an important 

approach to having a better understanding of the relaxation mechanisms of nitroxides. 

7H DNP 

Very limited DNP results have been reported for 7H because of a low natural 

abundance and a low magnetogyric ratio. Bates et al. observed enhancements for C6D¢ 

with GALV (galvinoxyl) and BDPA (bis(diphenylene)-phenylallyl) radicals. The 

estimated ultimate enhancements are -2210+950 for CsD¢/BDPA and -2090+290 for 

C6D¢/GALV. No evidence of scalar coupling was observed.”8 
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�u�l�t�i�m�a�t�e� �e�n�h�a�n�c�e�m�e�n�t� �w�a�s� �m�e�a�s�u�r�e�d� �a�s� �-�2�5�0�+�2�0� �i�n� �t�h�e� �s�o�l�u�t�i�o�n� �o�f� �C�s�D�¢� �a�n�d� �T�E�M�P�O�.� �B�y� 

�a�s�s�u�m�i�n�g� �a� �r�o�t�a�t�i�o�n�a�l� �m�o�d�u�l�a�t�i�o�n� �f�o�r� �t�h�e� �t�i�m�e�-�d�e�p�e�n�d�e�n�c�e� �o�f� �t�h�e� �i�n�t�e�r�a�c�t�i�o�n� �b�e�t�w�e�e�n� �C�g� 

�a�n�d� �T�E�M�P�O�,� �t�h�e� �r�o�t�a�t�i�o�n�a�l� �c�o�r�r�e�l�a�t�i�o�n� �t�i�m�e� �w�a�s� �e�s�t�i�m�a�t�e�d� �a�s� �6�5� �p�s�.� �F�o�r� �a� �t�r�a�n�s�l�a�t�i�o�n�a�l� 

�m�o�d�e�l�,� �t�h�e� �c�l�o�s�e�s�t� �a�p�p�r�o�a�c�h� �b�e�t�w�e�e�n� �t�h�e� �n�u�c�l�e�a�r� �s�p�i�n� �a�n�d� �t�h�e� �e�l�e�c�t�r�o�n� �s�p�i�n� �w�a�s� �i�n� �t�h�e� 

�r�a�n�g�e� �o�f� �0�.�1�6�-�0�.�3�5� �n�m�.� �T�h�e� �t�r�a�n�s�l�a�t�i�o�n�a�l� �c�o�r�r�e�l�a�t�i�o�n� �t�i�m�e� �w�a�s� �e�s�t�i�m�a�t�e�d� �a�s� �6�-�2�8� �p�s�.� �F�o�r� 

�t�h�e� �s�o�l�i�d�-�l�i�q�u�i�d� �i�n�t�e�r�m�o�l�e�c�u�l�a�r� �t�r�a�n�s�f�e�r� �(�S�L�I�T�)� �°�C� �D�N�P� �e�x�p�e�r�i�m�e�n�t� �o�n� �t�h�e� �s�a�m�e� �s�y�s�t�e�m�,� 

�a�n� �e�n�h�a�n�c�e�m�e�n�t� �c�u�r�v�e� �a�s� �a� �f�u�n�c�t�i�o�n� �o�f� �t�h�e� �l�o�w� �m�a�g�n�e�t�i�c� �f�i�e�l�d� �w�a�s� �o�b�t�a�i�n�e�d�.� �T�h�i�s� �c�u�r�v�e� 

�w�a�s� �c�o�m�p�a�r�a�b�l�e� �w�i�t�h� �t�h�e� �E�P�R� �s�p�e�c�t�r�u�m� �o�f� �t�h�e� �C�¢�o�/�T�E�M�P�O� �s�y�s�t�e�m�,� �i�n�d�i�c�a�t�i�n�g� �t�h�e� 

�e�x�p�e�c�t�e�d� �n�i�t�r�o�x�i�d�e� �t�r�i�p�l�e�t� �s�t�r�u�c�t�u�r�e� �m�o�d�u�l�a�t�e�d� �b�y� �a�n� �a�n�i�s�o�t�r�o�p�i�c� �i�n�t�e�r�a�c�t�i�o�n�.� 

�I�n� �a� �m�o�r�e� �r�e�c�e�n�t� �s�t�u�d�y�,� �D�o�r�n� �e�t� �a�l�.� �r�e�p�o�r�t�e�d� �a� �n�o�v�e�l� �L�c�-�'�3�C� �D�N�P� �t�e�c�h�n�i�q�u�e�. �� �I�n� 

�t�h�e�i�r� �e�x�p�e�r�i�m�e�n�t�,� �t�h�e� �n�i�t�r�o�x�i�d�e� �r�a�d�i�c�a�l� �w�a�s� �i�m�m�o�b�i�l�i�z�e�d� �o�n� �t�h�e� �s�i�l�i�c�a� �g�e�l� �i�n� �t�h�e� �l�o�w�-�f�i�e�l�d� 
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�f�l�o�w� �c�e�l�l� �a�n�d� �t�h�e� �c�e�l�l� �w�a�s� �p�l�a�c�e�d� �i�n� �t�h�e� �E�P�R� �c�a�v�i�t�y�.� �A�s� �s�t�a�t�e�d� �b�y� �t�h�e� �a�u�t�h�o�r�s�:�  ��s�o�l�i�d�-�l�i�q�u�i�d� 

�i�n�t�e�r�m�o�l�e�c�u�l�a�r� �t�r�a�n�s�f�e�r� �(�S�L�I�T�)� �°�C� �D�N�P� �t�e�c�h�n�i�q�u�e� �w�a�s� �e�m�p�l�o�y�e�d� �f�o�r� �t�h�e� �f�o�l�l�o�w�i�n�g� 

�r�e�a�s�o�n�s�:� �(�1�)� �h�i�g�h� �e�f�f�i�c�i�e�n�c�y� �f�o�r� �t�r�a�n�s�f�e�r� �o�f� �t�h�e� �f�l�o�w�i�n�g� �p�o�l�a�r�i�z�e�d� �b�o�l�u�s�,� �(�2�)� �w�i�d�e� �r�a�n�g�e� �o�f� 

�a�c�c�e�s�s�i�b�l�e� �f�l�o�w� �r�a�t�e�s�,� �(�3�)� �f�a�v�o�r�a�b�l�e� �d�e�t�e�c�t�i�o�n� �o�f� �s�c�a�l�a�r�-�d�o�m�i�n�a�t�e�d� �°�C� �D�N�P� �s�i�g�n�a�l�s�,� �a�n�d� 

�(�4�)� �a�b�s�e�n�c�e� �o�f� �s�c�a�l�a�r� �'�3�C� �c�o�n�t�a�c�t� �s�h�i�f�t�s� �(�o�r� �s�p�e�c�t�r�a�l� �l�i�n�e� �b�r�o�a�d�e�n�i�n�g�)� �i�n� �t�h�e� �h�i�g�h� �m�a�g�n�e�t�i�c� 

�f�i�e�l�d� �v�o�l�u�m�e�,� �s�i�n�c�e� �t�h�e� �r�a�d�i�c�a�l� �i�s� �n�o�t� �a� �p�a�r�t� �o�f� �t�h�e� �s�o�l�v�e�n�t� �s�y�s�t�e�m�. �� �T�h�e� �s�a�m�p�l�e� �s�o�l�u�t�i�o�n� �(�a� 

�m�i�x�t�u�r�e� �o�f� �s�e�v�e�r�a�l� �c�h�l�o�r�i�n�a�t�e�d� �o�r�g�a�n�i�c� �m�o�l�e�c�u�l�e�s�)� �w�a�s� �f�i�r�s�t� �p�u�m�p�e�d� �t�h�r�o�u�g�h� �a� �H�P�L�C� 

�c�o�l�u�m�n� �t�h�e�n� �w�a�s� �p�o�l�a�r�i�z�e�d� �a�n�d� �d�e�t�e�c�t�e�d� �b�y� �t�h�e� �D�N�P� �i�n�s�t�r�u�m�e�n�t�.� �T�h�e� �s�i�g�n�i�f�i�c�a�n�t� �a�s�p�e�c�t� �o�f� 

�t�h�i�s� �w�o�r�k� �i�s� �t�h�a�t� �t�h�e� �s�a�m�p�l�e� �m�o�l�e�c�u�l�e�s�,� �w�h�i�c�h� �c�o�u�l�d� �n�o�t� �b�e� �r�e�s�o�l�v�e�d� �b�y� �t�h�e� �H�P�L�C� �o�u�t�p�u�t�,� 

�w�e�r�e� �c�l�e�a�r�l�y� �r�e�s�o�l�v�e�d� �b�y� �t�h�e� �s�c�a�l�a�r�-�d�o�m�i�n�a�t�e�d� �'�°�C� �D�N�P� �s�i�g�n�a�l�s�.� �T�h�e� �m�a�i�n� �d�r�a�w�b�a�c�k� �o�f� 

�t�h�e� �S�L�I�T� �t�e�c�h�n�i�q�u�e� �i�s� �t�h�e� �d�i�f�f�i�c�u�l�t�y� �i�n� �o�b�s�e�r�v�i�n�g� �d�i�p�o�l�a�r� �d�o�m�i�n�a�t�e�d� �'�°�C� �D�N�P� �s�i�g�n�a�l�s�.�*�'�'�*�?� 

�I�n� �s�u�m�m�a�r�y�,� �t�o� �t�h�e� �d�a�t�e� �o�f� �t�h�i�s� �w�o�r�k�,� �o�n�l�y� �a� �v�e�r�y� �l�i�m�i�t�e�d� �a�m�o�u�n�t� �o�f� �3�C� �D�N�P� �d�a�t�a� 

�h�a�s� �b�e�e�n� �p�u�b�l�i�s�h�e�d�.� �A�l�t�h�o�u�g�h� �s�o�m�e� �o�f� �t�h�e� �'�H� �a�n�d� �'�°�C� �D�N�P� �r�e�s�u�l�t�s�!�!�?�?� �h�a�v�e� �i�n�d�i�c�a�t�e�d� 

�t�h�a�t� �t�h�e� �s�c�a�l�a�r� �c�o�n�t�r�i�b�u�t�i�o�n� �f�o�r� �t�h�e� �D�N�P� �e�n�h�a�n�c�e�m�e�n�t�s� �i�s� �a�s�s�o�c�i�a�t�e�d� �w�i�t�h� �t�h�e� �w�e�a�k� 

�h�y�d�r�o�g�e�n� �b�o�n�d�i�n�g� �b�e�t�w�e�e�n� �t�h�e� �a�c�i�d�i�c� �C�-�H� �b�o�n�d� �a�n�d� �t�h�e� �n�i�t�r�o�x�i�d�e� �f�r�e�e� �r�a�d�i�c�a�l�s�,� �t�h�e� 

�m�e�c�h�a�n�i�s�m� �t�h�a�t� �t�h�e� �e�l�e�c�t�r�o�n� �s�p�i�n� �d�e�n�s�i�t�y� �t�r�a�n�s�f�e�r�s� �f�r�o�m� �t�h�e� �f�r�e�e� �r�a�d�i�c�a�l� �t�o� �t�h�e� �c�a�r�b�o�n� �o�r� 

�h�y�d�r�o�g�e�n� �n�u�c�l�e�u�s� �t�h�r�o�u�g�h� �t�h�e� �h�y�d�r�o�g�e�n� �b�o�n�d� �h�a�s� �n�o�t� �b�e�e�n� �r�e�s�o�l�v�e�d�.� 
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�1�.�3� �O�b�j�e�c�t�i�v�e�s� �o�f� �t�h�e� �P�r�e�s�e�n�t� �R�e�s�e�a�r�c�h� 

�A�s� �n�o�t�e�d� �i�n� �t�h�e� �b�a�c�k�g�r�o�u�n�d� �s�e�c�t�i�o�n� �1�.�2�,� �o�n�l�y� �a� �l�i�m�i�t�e�d� �n�u�m�b�e�r� �o�f� �'�H� �a�n�d�  ��°�C� �D�N�P� 

�m�e�a�s�u�r�e�m�e�n�t�s� �h�a�v�e� �b�e�e�n� �r�e�p�o�r�t�e�d� �t�o� �d�a�t�e�.� �T�h�u�s�,� �t�h�e� �m�a�j�o�r� �o�b�j�e�c�t�i�v�e�s� �o�f� �t�h�i�s� �w�o�r�k� �a�r�e�:� �(�1�)� 

�t�o� �f�u�r�t�h�e�r� �r�e�v�e�a�l� �t�h�e� �a�s�s�o�c�i�a�t�i�o�n� �b�e�t�w�e�e�n� �t�h�e� �a�c�i�d�i�c� �C�-�H� �b�o�n�d� �o�f� �o�r�g�a�n�i�c� �m�o�l�e�c�u�l�e�s� �a�n�d� 

�t�h�e� �s�c�a�l�a�r� �d�o�m�i�n�a�t�e�d�  ��°�C� �D�N�P� �e�n�h�a�n�c�e�m�e�n�t�s�;� �(�2�)� �t�o� �s�t�u�d�y� �t�h�e� �e�l�e�c�t�r�o�n� �s�p�i�n� �d�e�n�s�i�t�y� 

�t�r�a�n�s�f�e�r� �m�e�c�h�a�n�i�s�m�s� �b�e�t�w�e�e�n� �T�E�M�P�O� �a�n�d� �t�h�e� �c�a�r�b�o�n� �n�u�c�l�e�i� �i�n� �d�i�f�f�e�r�e�n�t� �c�h�e�m�i�c�a�l� �a�n�d� 

�e�l�e�c�t�r�o�n�i�c� �e�n�v�i�r�o�n�m�e�n�t�s�;� �(�3�)� �t�o� �i�n�v�e�s�t�i�g�a�t�e� �t�h�e� �s�t�r�u�c�t�u�r�e� �a�n�d� �t�i�m�e� �d�e�p�e�n�d�e�n�c�e� �o�f� �o�r�g�a�n�i�c� 

�m�o�l�e�c�u�l�e�s� �i�n� �c�o�l�l�i�d�i�n�g� �w�i�t�h� �T�E�M�P�O� �b�y� �l�i�q�u�i�d� �p�h�a�s�e� �'�H� �a�n�d� �°�C� �D�N�P� �a�n�d� �N�M�R� 

�t�e�c�h�n�i�q�u�e�s�.� 
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�C�H�A�P�T�E�R� �2�.� �B�A�S�I�C� �T�H�E�O�R�Y� �O�F� �D�N�P� �I�N� �S�O�L�U�T�I�O�N�S� 

�2�.�1� �C�o�n�c�e�p�t�s� �a�n�d� �B�a�s�i�c� �E�q�u�a�t�i�o�n�s� �f�o�r� �S�o�l�u�t�i�o�n� �D�N�P� 

�I�n� �g�e�n�e�r�a�l�,� �t�h�e� �n�u�c�l�e�a�r� �s�p�i�n�s� �i�n� �a� �s�t�a�t�i�c� �m�a�g�n�e�t�i�c� �f�i�e�l�d� �f�o�l�l�o�w� �t�h�e� �B�o�l�t�z�m�a�n�n� 

�d�i�s�t�r�i�b�u�t�i�o�n� �a�m�o�n�g� �t�h�e� �s�p�i�n� �e�n�e�r�g�y� �l�e�v�e�l�s�.� �I�n� �m�o�s�t� �c�a�s�e�s�,� �t�h�e� �d�i�s�t�r�i�b�u�t�i�o�n� �i�s� �n�o�t� �u�n�i�f�o�r�m�,� 

�t�h�e� �n�u�m�b�e�r� �o�f� �s�p�i�n�s� �a�l�i�g�n�e�d� �w�i�t�h� �t�h�e� �m�a�g�n�e�t�i�c� �f�i�e�l�d� �B�p� �e�x�c�e�e�d�s� �t�h�a�t� �a�n�t�i�-�p�a�r�a�l�l�e�l� �t�o� �t�h�e� 

�f�i�e�l�d�.� �A� �q�u�a�n�t�i�t�y� �t�o� �m�e�a�s�u�r�e� �t�h�i�s� �u�n�e�v�e�n� �s�p�i�n� �d�i�s�t�r�i�b�u�t�i�o�n� �i�s� �c�a�l�l�e�d� �t�h�e� �n�u�c�l�e�a�r� 

�p�o�l�a�r�i�z�a�t�i�o�n�.� �I�f� �t�h�e� �n�u�c�l�e�a�r� �s�p�i�n� �q�u�a�n�t�u�m� �n�u�m�b�e�r� �i�s� �/�,� �t�h�e� �n�u�c�l�e�a�r� �s�p�i�n�s� �d�i�s�t�r�i�b�u�t�e� �a�m�o�n�g� 

�2�/� �d�i�f�f�e�r�e�n�t� �e�n�e�r�g�y� �l�e�v�e�l�s�,� �a�n�d� �t�h�e� �n�u�c�l�e�a�r� �p�o�l�a�r�i�z�a�t�i�o�n� �i�s� �d�e�f�i�n�e�d� �a�s �� 

� � 

�w�h�e�r�e� �m� �i�s� �t�h�e� �m�a�g�n�e�t�i�c� �q�u�a�n�t�u�m� �n�u�m�b�e�r� �c�o�r�r�e�s�p�o�n�d�i�n�g� �t�o� �a� �d�i�s�t�r�i�b�u�t�i�o�n� �e�n�e�r�g�y� �l�e�v�e�l� �i�n� 

�t�h�e� �m�a�g�n�e�t�i�c� �f�i�e�l�d�;� �N�m� �i�s� �t�h�e� �n�u�m�b�e�r� �o�f� �n�u�c�l�e�a�r� �s�p�i�n�s� �o�n� �t�h�e� �e�n�e�r�g�y� �l�e�v�e�l� �m�;� �(�/�,�)� �i�s� �t�h�e� 

�e�x�p�e�c�t�a�t�i�o�n� �v�a�l�u�e� �o�f� �t�h�e� �n�u�c�l�e�a�r� �s�p�i�n� �o�p�e�r�a�t�o�r� �I� �z�-� �F�o�r� �a� �n�u�c�l�e�a�r� �s�p�i�n� �o�f� �J� �=� �1�/�2�,� �t�h�e� 

�n�u�c�l�e�a�r� �p�o�l�a�r�i�z�a�t�i�o�n� �i�s� �g�i�v�e�n� �a�s� 
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� 

�=
� 
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�w�h�e�r�e� �N�.�.� �a�n�d� �N�.� �a�r�e� �t�h�e� �n�u�c�l�e�a�r� �s�p�i�n�s� �a�l�i�g�n�e�d� �w�i�t�h� �a�n�d� �a�l�i�g�n�e�d� �a�g�a�i�n�s�t� �t�h�e� �m�a�g�n�e�t�i�c� �f�i�e�l�d�,� 

�r�e�s�p�e�c�t�i�v�e�l�y�.� �T�h�e� �p�o�l�a�r�i�z�a�t�i�o�n� �i�s� �n�o�r�m�a�l�l�y� �v�e�r�y� �s�m�a�l�l�.� �F�o�r� �t�h�e� �'�H� �n�u�c�l�e�u�s� �i�n� �t�h�e� �m�a�g�n�e�t�i�c� 

�f�i�e�l�d� �o�f� �1� �T�e�s�l�a� �a�n�d� �a�t� �2�9�3� �°�K�,� �P�;� �i�s� �a�b�o�u�t� �3�.�4� �x� �1�0�°�.� �T�h�e� �l�a�r�g�e�r� �t�h�e� �n�u�c�l�e�a�r� �p�o�l�a�r�i�z�a�t�i�o�n�,� 

�t�h�e� �s�t�r�o�n�g�e�r� �t�h�e� �c�o�r�r�e�s�p�o�n�d�i�n�g� �N�M�R� �s�i�g�n�a�l�.� �T�h�e�r�e� �a�r�e� �t�h�r�e�e� �m�e�a�n�s� �b�y� �w�h�i�c�h� �t�h�e� 

�p�o�l�a�r�i�z�a�t�i�o�n� �c�a�n� �b�e� �i�n�c�r�e�a�s�e�d�.� �O�n�e� �i�s� �t�o� �i�n�c�r�e�a�s�e� �t�h�e� �m�a�g�n�e�t�i�c� �f�i�e�l�d�,� �a�n�o�t�h�e�r� �i�s� �t�o� �l�o�w�e�r� 

�t�h�e� �s�a�m�p�l�e� �t�e�m�p�e�r�a�t�u�r�e�,� �a�n�d� �t�h�e� �t�h�i�r�d� �o�n�e� �i�s� �t�o� �u�s�e� �t�h�e� �D�N�P� �t�e�c�h�n�i�q�u�e�,� �t�h�a�t� �i�s�,� �t�o� �s�a�t�u�r�a�t�e� 

�t�h�e� �e�l�e�c�t�r�o�n� �s�p�i�n� �t�r�a�n�s�i�t�i�o�n� �w�h�e�n� �t�h�e� �n�u�c�l�e�a�r� �s�p�i�n� �i�s� �c�o�u�p�l�e�d� �t�o� �t�h�e� �e�l�e�c�t�r�o�n� �s�p�i�n�.� 

�I�n� �a� �n�o�r�m�a�l� �D�N�P� �e�x�p�e�r�i�m�e�n�t�,� �a� �s�t�a�b�l�e� �f�r�e�e� �r�a�d�i�c�a�l� �i�s� �a�d�d�e�d� �i�n�t�o� �t�h�e� �s�a�m�p�l�e� 

�s�o�l�u�t�i�o�n� �u�s�u�a�l�l�y� �a�t� �a� �c�o�n�c�e�n�t�r�a�t�i�o�n� �o�f� �0�.�1� �-� �0�.�0�0�1� �M�.� �I�n� �t�h�e� �s�o�l�u�t�i�o�n�,� �t�h�e� �f�r�e�e� �r�a�d�i�c�a�l� 

�m�o�l�e�c�u�l�e�s� �i�n�t�e�r�a�c�t� �w�i�t�h� �t�h�e� �s�a�m�p�l�e� �m�o�l�e�c�u�l�e�s� �t�h�r�o�u�g�h� �d�i�f�f�u�s�i�o�n�a�l� �c�o�l�l�i�s�i�o�n�s�.� �F�o�r� �s�u�c�h� �a� 

�c�o�u�p�l�e�d� �n�u�c�l�e�u�s�-�e�l�e�c�t�r�o�n� �s�p�i�n� �s�y�s�t�e�m�,� �t�h�e� �H�a�m�i�l�t�o�n�i�a�n� �o�p�e�r�a�t�o�r� �c�a�n� �b�e� �e�x�p�r�e�s�s�e�d� �a�s�?� 

�a� 

�H� �=�  ��y�s�h�S�7�B�y� �-� �y�;�h�l�B�y� �+� �H�s�;�(�t�)�+� �H�y�(�t�)�+� �A�s�s�t�)�,� �(�2�.�3�)� 

�I�n� �t�h�i�s� �f�o�r�m�u�l�a�,� �t�h�e� �f�i�r�s�t� �t�w�o� �t�e�r�m�s� �a�r�e� �t�h�e� �r�e�s�p�e�c�t�i�v�e� �e�l�e�c�t�r�o�n� �a�n�d� �n�u�c�l�e�a�r� �Z�e�e�m�a�n� �t�e�r�m�s�;� 

�t�h�e� �l�a�s�t� �t�h�r�e�e� �t�e�r�m�s� �r�e�p�r�e�s�e�n�t� �t�h�e� �t�i�m�e�-�d�e�p�e�n�d�e�n�t� �e�l�e�c�t�r�o�n�-�n�u�c�l�e�a�r�,� �n�u�c�l�e�u�s�-�n�u�c�l�e�u�s�,� �a�n�d� 

�e�l�e�c�t�r�o�n�-�e�l�e�c�t�r�o�n� �i�n�t�e�r�a�c�t�i�o�n� �t�e�r�m�s�,� �r�e�s�p�e�c�t�i�v�e�l�y�;� �S�,�,� �a�n�d� �I�,� �a�r�e� �t�h�e� �e�l�e�c�t�r�o�n� �a�n�d� �n�u�c�l�e�a�r� 

�s�p�i�n� �o�p�e�r�a�t�o�r�s�,� �r�e�s�p�e�c�t�i�v�e�l�y�;� �y�,� �a�n�d� �y�,� �a�r�e� �t�h�e� �r�e�s�p�e�c�t�i�v�e� �e�l�e�c�t�r�o�n� �a�n�d� �n�u�c�l�e�a�r� �s�p�i�n� 

�g�y�r�o�m�a�g�n�e�t�i�c� �r�a�t�i�o�s�.� �A�m�o�n�g� �t�h�e� �t�h�r�e�e� �i�n�t�e�r�-�s�p�i�n� �c�o�u�p�l�i�n�g� �t�e�r�m�s�,� �H�,�,� �(�t�)� �i�s� �t�h�e� �o�n�l�y� �t�e�r�m� 
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�w�h�i�c�h� �c�a�n� �s�i�g�n�i�f�i�c�a�n�t�l�y� �i�n�d�u�c�e� �D�N�P� �e�f�f�e�c�t�s� �i�n� �l�i�q�u�i�d�s�.� �H�y� �n�o�r�m�a�l�l�y� �c�o�n�s�i�s�t�s� �o�f� �t�w�o� 

�t�e�r�m�s�,� �o�n�e� �i�s� �t�h�e� �c�l�a�s�s�i�c� �d�i�p�o�l�a�r� �i�n�t�e�r�a�c�t�i�o�n� �t�e�r�m�,� �w�h�i�c�h� �c�a�n� �b�e� �e�x�p�r�e�s�s�e�d� �a�s�*�>� 

� � �A�g�(�t�)�=�r�s�y�,�h� �3� �-� �>� �p� �(�2�.�4�)� 

�T�h�e� �t�i�m�e� �d�e�p�e�n�d�e�n�c�e� �o�f� �t�h�e� �d�i�p�o�l�a�r� �i�n�t�e�r�a�c�t�i�o�n� �a�r�i�s�e�s� �e�i�t�h�e�r� �f�r�o�m� �t�h�e� �f�l�u�c�t�u�a�t�i�o�n�s� 

�i�n� �t�h�e� �o�r�i�e�n�t�a�t�i�o�n� �o�f� �r� �w�i�t�h� �r�e�s�p�e�c�t� �t�o� �t�h�e� �e�x�t�e�r�n�a�l� �m�a�g�n�e�t�i�c� �f�i�e�l�d�,� �i�.�e�.�,� �r�o�t�a�t�i�o�n�a�l� �m�o�t�i�o�n�,� 

�o�r� �m�o�r�e� �c�o�m�m�o�n�l�y� �f�r�o�m� �t�h�e� �f�l�u�c�t�u�a�t�i�o�n�s� �o�f� �7� �,� �i�.�e�.�,� �t�r�a�n�s�l�a�t�i�o�n�a�l� �m�o�t�i�o�n�.� �A�n�o�t�h�e�r� �t�e�r�m� �o�f� 

�H�,�,� �i�s� �t�h�e� �s�c�a�l�a�r� �i�n�t�e�r�a�c�t�i�o�n� �t�e�r�m�,� �w�h�i�c�h� �i�s� �i�n� �t�h�e� �f�o�l�l�o�w�i�n�g� �f�o�r�m�:�*�°� 

�H�=�(�t�h�=�-�A�,�-�I�-�S�,� �(�2�.�5�)� 

�w�h�e�r�e� �A�s�;� �i�s� �t�h�e� �i�s�o�t�r�o�p�i�c� �h�y�p�e�r�f�i�n�e� �c�o�u�p�l�i�n�g� �c�o�n�s�t�a�n�t�,� �w�h�i�c�h� �c�a�n� �b�e� �e�x�p�r�e�s�s�e�d� �a�s� 

�(� �8�7� �2� �A�y� �=�  ��r�r� �l�v�)� �,� �(�2�.�6�)� 

�w�h�e�r�e� �l�w�o�y� �i�s� �t�h�e� �a�m�p�l�i�t�u�d�e� �o�f� �t�h�e� �e�l�e�c�t�r�o�n�i�c� �w�a�v�e� �f�u�n�c�t�i�o�n� �a�t� �t�h�e� �n�u�c�l�e�u�s� �o�f� �t�h�e� 

�s�a�m�p�l�e� �m�o�l�e�c�u�l�e�.� �T�h�e� �e�n�e�r�g�y� �l�e�v�e�l� �d�i�a�g�r�a�m� �o�f� �t�h�e� �n�u�c�l�e�u�s�-�e�l�e�c�t�r�o�n� �p�a�i�r�s� �i�s� �s�h�o�w�n� �i�n� 

�F�i�g�u�r�e� �2�.�1�.� 
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�S�z�l�z� 

� � 

�+ �� 

�K�O� 
�1�0�°� �2� �+�+� 

�A� 

�W�s� 
�W�e� 

�0� �s� 
�W�r� �2�.� 

�x� 

�a� �B�p� 
 ��_� �3� 

�0� �-�+� 

�F�i�g�u�r�e� �2�.�1�.� �E�n�e�r�g�y� �L�e�v�e�l� �D�i�a�g�r�a�m� �o�f� �t�h�e� �N�u�c�l�e�u�s�-�E�l�e�c�t�r�o�n� �S�p�i�n� �C�o�u�p�l�e�d� �S�y�s�t�e�m� 

�w�i�t�h� �I�=�1�/�2� �a�n�d� �S�=�1�/�2� �(�C�i�t�e�d� �f�r�o�m� �R�e�f�.� �1�)�.� 
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�F�o�r� �a�n� �e�l�e�c�t�r�o�n�-�n�u�c�l�e�u�s� �s�p�i�n� �c�o�u�p�l�i�n�g� �s�y�s�t�e�m�,� �t�h�e� �n�u�c�l�e�a�r� �p�o�l�a�r�i�z�a�t�i�o�n� �i�s� 

�p�r�o�p�o�r�t�i�o�n�a�l� �t�o� �(�7�)� �(�E�q�.� �2�.�1�)�,� �w�h�i�c�h� �i�s� �r�e�l�a�t�e�d� �t�o� �t�h�e� �t�r�a�n�s�i�t�i�o�n� �p�r�o�b�a�b�i�l�i�t�i�e�s� �o�f� �t�h�e� 

�n�u�c�l�e�a�r� �s�p�i�n�s� �i�n� �b�e�t�w�e�e�n� �t�h�e� �e�n�e�r�g�y� �l�e�v�e�l�s� �o�f� �t�h�e� �c�o�u�p�l�e�d� �s�y�s�t�e�m�.� �T�h�e� �d�e�t�a�i�l�e�d� �d�e�r�i�v�a�t�i�o�n� 

�o�f� �(�I� �z�)� �i�n� �t�h�e� �f�o�r�m� �o�f� �n�u�c�l�e�a�r� �t�r�a�n�s�i�t�i�o�n� �p�r�o�b�a�b�i�l�i�t�i�e�s� �h�a�s� �b�e�e�n� �d�o�n�e� �b�y� �S�o�l�o�m�o�n�, ��°� �a�n�d� 

�t�h�e� �f�i�n�a�l� �r�e�s�u�l�t� �c�a�n� �b�e� �e�x�p�r�e�s�s�e�d� �a�s� 

�P�W� �2�M� �M�P� �S�-�(�S�z�)� �S�y� 
�W�e� �+�H� �2�M� �+�?� �(�W�P� �+�M� �+� �2�K� �+�W�P�)� �4�2�M�,� �=� �S�y� 
� � 

�(�2�.�7�)� 

�A�m�o�n�g� �t�h�e� �f�o�u�r� �m�u�l�t�i�p�l�i�c�a�t�i�o�n�s� �o�f� �t�h�i�s� �f�o�r�m�u�l�a�,� �t�h�e� �f�i�r�s�t� �t�h�r�e�e� �t�e�r�m�s� �h�a�v�e� �s�p�e�c�i�f�i�c� 

�p�h�y�s�i�c�a�l� �m�e�a�n�i�n�g�,� �a�n�d� �h�a�v�e� �b�e�e�n� �d�e�f�i�n�e�d� �a�s� �f�o�l�l�o�w�s�:� 

� � 

� � 

�W�w�?� �-�W�w�°� �-�w�*� 

�p�=� �o�o� �(�2�.�8�)� 
�W�o� �+� �W�o� �+�2�W �� �+� �W�,� 

�W�?�+�W�*�4�+�2�W�°�+�W�?� 
�f�=� �D�.� �W�e� �D�W� �L�W�o� �;� �(�2�.�9�)� �(�W�o� �+� �W�s� �+�2�W�°�+�W�,�?�)�+�2�W�,� 

�5�-�2�0� �(�S�z�)�,� �(�2�.�1�0�)� 
�S�o� 

�2�0



�S�u�b�s�t�i�t�u�t�i�n�g� �E�q�.� �2�.�8�-�2�.�1�0� �i�n� �t�o� �E�q�.� �2�.�7�,� �a�n�d� �u�s�i�n�g� �t�h�e� �r�e�l�a�t�i�o�n� �S�,�/�/�,� �=� �y�,�/�y�,�,� �t�h�e� �(�I�,�)� �c�a�n� 

�b�e� �e�x�p�r�e�s�s�e�d� �a�s�:� 

�(�I�,�)�=� �A�f� �+� �2�s�)� �(�2�.�1�1�)� 
�Y�I� 

�T�h�i�s� �f�o�r�m�u�l�a� �c�a�n� �b�e� �e�x�p�r�e�s�s�e�d� �i�n� �a�n�o�t�h�e�r� �f�o�r�m�:� 

�I�,�)�-�1� �U�z�)�~� �t�o� �_� �i�g� �t�s�.� �(�2�.�1�2�)� 

�I�p� �Y�I� 

�B�y� �d�e�f�i�n�i�n�g� �t�h�e� �o�b�s�e�r�v�e�d� �D�N�P� �e�n�h�a�n�c�e�m�e�n�t� �a�s�4�,�,�,� �=� �U�z�)� �t�o� �t�h�e� �t�h�e�o�r�e�t�i�c�a�l� 
�0� 

�e�x�p�r�e�s�s�i�o�n� �f�o�r� �t�h�e� �o�b�s�e�r�v�e�d� �D�N�P� �e�n�h�a�n�c�e�m�e�n�t� �i�s�:� 

�A�y�.� �=� �f�s�7�5�,� �(�2�.�1�3�)� 
�Y�I� 

�S�i�n�c�e�(� �M�z�)� �=� �N�h�y�,�(�I�,�)�,� �t�h�e� �o�b�s�e�r�v�e�d� �D�N�P� �e�n�h�a�n�c�e�m�e�n�t� �c�a�n� �a�l�s�o� �b�e� �e�x�p�r�e�s�s�e�d� �a�s�:� 

�(�M�z�)� �-� �M�y� 
�A�,� �= � � ��_�_�.�,� �2�.�1�4� �o�b�s� �M�,� �(� �)� 
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�w�h�e�r�e� �7� �i�s� �t�h�e� �l�o�n�g�i�t�u�d�i�n�a�l� �m�a�g�n�e�t�i�z�a�t�i�o�n� �w�i�t�h� �D�N�P� �e�n�h�a�n�c�e�m�e�n�t�,� �w�h�i�l�e� �M�M�,� �i�s� �t�h�e� 

�n�o�r�m�a�l� �l�o�n�g�i�t�u�d�i�n�a�l� �m�a�g�n�e�t�i�z�a�t�i�o�n� �o�f� �s�t�a�t�i�c� �N�M�R�;� �N�V� �i�s� �t�h�e� �n�u�m�b�e�r� �o�f� �n�u�c�l�e�a�r� �s�p�i�n�s�.� 

�S�i�n�c�e� �t�h�e� �l�o�n�g�i�t�u�d�i�n�a�l� �m�a�g�n�e�t�i�z�a�t�i�o�n� �c�a�n� �b�e� �o�b�t�a�i�n�e�d� �e�i�t�h�e�r� �f�r�o�m� �t�h�e� �p�e�a�k� �h�e�i�g�h�t�s� �o�f� �t�h�e� 

�D�N�P� �s�p�e�c�t�r�u�m�,� �o�r� �f�r�o�m� �t�h�o�s�e� �o�f� �t�h�e� �N�M�R� �s�p�e�c�t�r�u�m�,� �t�h�e� �o�b�s�e�r�v�e�d� �D�N�P� �e�n�h�a�n�c�e�m�e�n�t� 

�A�»�,� �c�a�n� �b�e� �e�x�p�e�r�i�m�e�n�t�a�l�l�y� �m�e�a�s�u�r�e�d�.� �B�e�c�a�u�s�e� �t�h�e� �o�b�s�e�r�v�e�d� �D�N�P� �e�n�h�a�n�c�e�m�e�n�t� �i�s� �s�y�s�t�e�m� 

�a�n�d� �e�x�p�e�r�i�m�e�n�t�a�l� �c�o�n�d�i�t�i�o�n� �d�e�p�e�n�d�e�n�t�,� �i�t� �n�e�e�d�s� �t�o� �b�e� �c�o�n�v�e�r�t�e�d� �t�o� �t�h�e� �u�l�t�i�m�a�t�e� 

�e�n�h�a�n�c�e�m�e�n�t� �b�e�f�o�r�e� �i�t� �c�a�n� �b�e� �u�s�e�d� �t�o� �e�v�a�l�u�a�t�e� �t�h�e� �e�x�p�e�r�i�m�e�n�t�a�l� �r�e�s�u�l�t�s�.� �T�h�e� �u�l�t�i�m�a�t�e� 

�D�N�P� �e�n�h�a�n�c�e�m�e�n�t� �t�s� �d�e�f�i�n�e�d� �a�s� �f�o�l�l�o�w�s�:� 

�o�
n� �i�l� �~�=�p� �>�,� �(�2�.�1�5�)� 

�T�h�e� �w�a�y� �t�o� �c�a�l�c�u�l�a�t�e� �t�h�e� �u�l�t�i�m�a�t�e� �D�N�P� �e�n�h�a�n�c�e�m�e�n�t� �i�s� �t�o� �d�i�v�i�d�e� �t�h�e� �o�b�s�e�r�v�e�d� �D�N�P� 

�e�n�h�a�n�c�e�m�e�n�t� �i�n� �E�q�.� �2�.�1�3� �b�y� �t�h�e� �f�f�a�c�t�o�r� �a�n�d� �s� �f�a�c�t�o�r�.� �F�r�o�m� �F�i�g�u�r�e� �2�.�1� �a�n�d� �E�q�u�a�t�i�o�n� �2�.�8�,� �i�t� 

�c�a�n� �b�e� �s�e�e�n� �t�h�a�t� �i�f� �t�h�e� �s�c�a�l�a�r� �r�e�l�a�x�a�t�i�o�n� �(�l�a�b�e�l�e�d� �¥�~� �)� �i�s� �a� �d�o�m�i�n�a�n�t� �r�e�l�a�x�a�t�i�o�n� �p�r�o�c�e�s�s�,� �a� 

�s�c�a�l�a�r� �d�o�m�i�n�a�t�e�d� �e�n�h�a�n�c�e�m�e�n�t� �w�i�l�l� �b�e� �o�b�s�e�r�v�e�d�.� �O�n� �t�h�e� �o�t�h�e�r� �h�a�n�d�,� �i�f� �t�h�e� �d�i�p�o�l�a�r� 

�r�e�l�a�x�a�t�i�o�n�s� �(�l�a�b�e�l�e�d� �W�,� �D�e� �W�e�?� �,� �a�n�d� �W�y ��)� �d�o�m�i�n�a�t�e�,� �a� �d�i�p�o�l�a�r� �d�o�m�i�n�a�t�e�d� �e�n�h�a�n�c�e�m�e�n�t� �w�i�l�l� 

�b�e� �o�b�s�e�r�v�e�d�.� 

�T�h�e� �l�e�a�k�a�g�e� �f�a�c�t�o�r� �f� �m�e�a�s�u�r�e�s� �t�h�e� �n�u�c�l�e�a�r� �r�e�l�a�x�a�t�i�o�n� �t�i�m�e� �p�e�r�c�e�n�t�a�g�e� �i�n�d�u�c�e�d� �b�y� 

�t�h�e� �f�r�e�e� �r�a�d�i�c�a�l� �a�m�o�n�g� �t�h�e� �t�o�t�a�l� �n�u�c�l�e�u�s� �r�e�l�a�x�a�t�i�o�n� �t�i�m�e�.� �E�x�p�e�r�i�m�e�n�t�a�l�l�y�,� �t�h�e� �f� �f�a�c�t�o�r� �c�a�n� 

�b�e� �d�e�t�e�r�m�i�n�e�d� �b�y� �m�e�a�s�u�r�i�n�g� �t�h�e� �n�u�c�l�e�a�r� �r�e�l�a�x�a�t�i�o�n� �t�i�m�e�s� �o�f� �t�h�e� �s�a�m�p�l�e� �m�o�l�e�c�u�l�e�s� �i�n� �t�h�e



�p�r�e�s�e�n�c�e� �a�n�d� �t�h�e� �a�b�s�e�n�c�e� �o�f� �t�h�e� �f�r�e�e� �r�a�d�i�c�a�l� �m�o�l�e�c�u�l�e� �i�n� �t�h�e� �s�o�l�u�t�i�o�n�.� �T�h�e� �c�a�l�c�u�l�a�t�i�o�n� 

�f�o�r�m�u�l�a� �f�o�r� �t�h�e� �f� �f�a�c�t�o�r� �i�s� �a�s� �f�o�l�l�o�w�s�:� 

�f�a�i�,� �(�2�.�1�6�)� 
�1�0� 

�w�h�e�r�e� �T�,� �a�n�d� �T�i�o� �a�r�e� �t�h�e� �r�e�l�a�x�a�t�i�o�n� �t�i�m�e�s� �o�f� �t�h�e� �s�a�m�p�l�e� �n�u�c�l�e�u�s� �m�e�a�s�u�r�e�d� �w�i�t�h� �a�n�d� 

�w�i�t�h�o�u�t� �t�h�e� �f�r�e�e� �r�a�d�i�c�a�l� �i�n� �t�h�e� �s�a�m�p�l�e� �s�o�l�u�t�i�o�n�.� 

�A�l�t�h�o�u�g�h� �t�h�e� �f� �f�a�c�t�o�r� �c�a�n� �r�a�n�g�e� �f�r�o�m� �0� �t�o� �|� �i�n� �t�h�e� �f�o�r�m�u�l�a� �2�.�1�3�,� �f�o�r� �t�h�e� �p�r�o�t�o�n� �o�r� 

�f�l�u�o�r�i�n�e� �c�o�u�p�l�e�d� �n�u�c�l�e�u�s� �o�f� �i�n�t�e�r�e�s�t� �(�s�u�c�h� �a�s� �'�3�C�)�,� �t�h�e� �D�N�P� �e�n�h�a�n�c�e�m�e�n�t� �f�o�r� �t�h�e� �n�u�c�l�e�u�s� 

�o�f� �i�n�t�e�r�e�s�t� �c�a�n� �o�n�l�y� �b�e� �o�b�s�e�r�v�e�d� �w�h�e�n� �t�h�e� �f� �f�a�c�t�o�r� �v�a�l�u�e� �i�s� �c�l�o�s�e� �t�o� �1�.� �W�h�e�n� �t�h�e� �/� �f�a�c�t�o�r� �i�s� 

�m�u�c�h� �l�e�s�s� �t�h�a�n� �1�,� �i�t� �m�e�a�n�s� �t�h�a�t� �t�h�e� �n�u�c�l�e�u�s� �r�e�l�a�x�a�t�i�o�n� �i�s� �s�i�g�n�i�f�i�c�a�n�t�l�y� �c�a�u�s�e�d� �b�y� �t�h�e� 

�s�u�r�r�o�u�n�d�i�n�g�s� �o�t�h�e�r� �t�h�a�n� �b�y� �t�h�e� �u�n�p�a�i�r�e�d� �e�l�e�c�t�r�o�n� �o�f� �t�h�e� �f�r�e�e� �r�a�d�i�c�a�l�,� �s�u�c�h� �a�s� �b�y� �t�h�e� �o�x�y�g�e�n� 

�m�o�l�e�c�u�l�e�s� �i�n� �t�h�e� �s�a�m�p�l�e� �s�o�l�u�t�i�o�n� �o�r� �b�y� �t�h�e� �t�h�r�e�e�-�s�p�i�n� �e�f�f�e�c�t� �w�h�i�c�h� �r�e�s�u�l�t�s� �f�r�o�m� �t�h�e� �d�i�p�o�l�a�r� 

�c�o�u�p�l�i�n�g� �b�e�t�w�e�e�n� �t�h�e� �n�u�c�l�e�u�s� �o�f� �i�n�t�e�r�e�s�t� �a�n�d� �t�h�e� �p�r�o�t�o�n� �o�r� �f�l�u�o�r�i�n�e� �n�u�c�l�e�u�s� �a�t�t�a�c�h�e�d� �t�o� �t�h�e� 

�n�u�c�l�e�u�s� �o�f� �i�n�t�e�r�e�s�t�.� �T�h�e� �n�u�c�l�e�a�r� �r�e�l�a�x�a�t�i�o�n� �i�n�d�u�c�e�d� �b�y� �t�h�e� �d�i�s�s�o�l�v�e�d� �o�x�y�g�e�n� �c�a�n� �b�e� 

�e�l�i�m�i�n�a�t�e�d� �t�h�r�o�u�g�h� �e�x�t�e�n�s�i�v�e�l�y� �d�e�g�a�s�s�i�n�g� �t�h�e� �s�a�m�p�l�e� �s�o�l�u�t�i�o�n�.� �T�h�e� �t�h�r�e�e�-�s�p�i�n� �e�f�f�e�c�t�,� 

�h�o�w�e�v�e�r�,� �i�s� �f�r�e�e� �r�a�d�i�c�a�l� �c�o�n�c�e�n�t�r�a�t�i�o�n� �d�e�p�e�n�d�e�n�t�,� �w�h�e�n� �t�h�e� �f�r�e�e� �r�a�d�i�c�a�l� �c�o�n�c�e�n�t�r�a�t�i�o�n� �i�s� 

�h�i�g�h� �e�n�o�u�g�h� �(�u�s�u�a�l�l�y� �h�i�g�h�e�r� �t�h�a�n� �0�.�1� �M�)�,� �t�h�e� �t�h�r�e�e�-�s�p�i�n� �e�f�f�e�c�t� �i�s� �n�e�g�l�i�g�i�b�l�e�,� �w�h�e�n� �t�h�e� �f�r�e�e� 

�r�a�d�i�c�a�l� �c�o�n�c�e�n�t�r�a�t�i�o�n� �i�s� �t�o�o� �l�o�w�,� �t�h�e� �t�h�r�e�e�-�s�p�i�n� �e�f�f�e�c�t� �c�a�n� �b�e� �q�u�i�t�e� �l�a�r�g�e�,� �a�n�d� �a� �c�o�r�r�e�c�t�i�o�n� 

�n�e�e�d�s� �t�o� �b�e� �m�a�d�e� �t�o� �t�h�e� �o�b�s�e�r�v�e�d� �D�N�P� �e�n�h�a�n�c�e�m�e�n�t� �o�f� �t�h�e� �n�u�c�l�e�u�s� �i�n� �q�u�e�s�t�i�o�n� �b�e�c�a�u�s�e� 

�t�h�e� �t�h�r�e�e�-�s�p�i�n� �e�f�f�e�c�t� �c�a�n� �c�o�n�t�r�i�b�u�t�e� �e�i�t�h�e�r� �p�o�s�i�t�i�v�e�l�y� �o�r� �n�e�g�a�t�i�v�e�l�y� �t�o� �t�h�e� �o�b�s�e�r�v�e�d� �D�N�P� 

�2�3



�e�n�h�a�n�c�e�m�e�n�t� �o�f� �t�h�e� �n�u�c�l�e�u�s� �d�e�p�e�n�d�i�n�g� �o�n� �t�h�e� �s�i�g�n� �o�f� �t�h�e� �g�y�r�o�m�a�g�n�e�t�i�c� �r�a�t�i�o� �o�f� �t�h�e� 

�n�u�c�l�e�u�s� �o�f� �i�n�t�e�r�e�s�t�.� �T�h�e� �f�i�n�a�l� �f�o�r�m� �o�f� �t�h�e� �o�b�s�e�r�v�e�d� �D�N�P� �e�n�h�a�n�c�e�m�e�n�t� �a�f�t�e�r� �t�h�e� �t�h�r�e�e�-�s�p�i�n� 

�.� �4�7� �e�f�f�e�c�t� �c�o�r�r�e�c�t�i�o�n� �i�s� �a�s� �f�o�l�l�o�w�s�:�* ��"�*�®� 

�A�=�(�e�f�e�-�P�i�f�i�e�u�f�s�s� �=�,� �2�1�7�)� 
�N� 

�I�n� �t�h�i�s� �f�o�r�m�u�l�a�,� �i�f� �V� �r�e�p�r�e�s�e�n�t�s� �t�h�e� �'�3�C� �n�u�c�l�e�u�s�,� 

� � 

�W�h�e�r�e� �M�y�o�e� �i�s� �t�h�e� �N�O�E� �f�a�c�t�o�r�.� 

�T�h�e� �t�h�r�e�e�-�s�p�i�n� �e�f�f�e�c�t� �c�o�r�r�e�c�t�i�o�n� �c�a�n� �a�l�s�o� �b�e� �m�a�d�e� �d�i�r�e�c�t�l�y� �t�o� �t�h�e� �e�x�p�e�r�i�m�e�n�t�a�l� 

�u�l�t�i�m�a�t�e� �e�n�h�a�n�c�e�m�e�n�t� �i�n� �t�h�e� �f�o�l�l�o�w�i�n�g� �f�o�r�m�u�l�a�:� 

�A�S� �(�e�x�p�)� �=� �(�o�e� �-� �e�e� �1�2�1�0�8� �)�-�*�.� �(�2�.�1�8�)� 
�C�c� 

�T�h�e� �t�r�u�e� �'�°�C� �D�N�P� �u�l�t�i�m�a�t�e� �e�n�h�a�n�c�e�m�e�n�t� �c�o�r�r�e�c�t�e�d� �f�o�r� �t�h�e� �t�h�r�e�e� �s�p�i�n� �e�f�f�e�c�t�s� �i�s� �t�h�e�r�e�f�o�r�e� 

�g�i�v�e�n� �b�y� �t�h�e� �f�o�l�l�o�w�i�n�g� �f�o�r�m�u�l�a�:� 

�A�S� �(�t�r�u�e�)� �=� �p�f�,� �2� �=� �A�S� �(�e�x�p�)� �+� �o�f�f� �f�p�f� �2�,� �(�2�.�1�9�)� 
�Y�c� �Y�c� 

�2�4



�A�n� �i�l�l�u�s�t�r�a�t�i�o�n� �o�f� �t�h�e� �n�u�c�l�e�u�s�-�e�l�e�c�t�r�o�n� �t�w�o� �a�n�d� �t�h�r�e�e� �s�p�i�n� �c�o�u�p�l�i�n�g� �s�y�s�t�e�m�s� �i�s� �s�h�o�w�n� �i�n� 

�F�i�g�u�r�e� �2�.�2�.� �T�h�e� �s� �f�a�c�t�o�r� �d�e�f�i�n�e�d� �i�n� �E�q�.� �2�.�1�0� �i�s� �a� �m�e�a�s�u�r�e� �f�o�r� �t�h�e� �d�e�g�r�e�e� �o�f� �s�a�t�u�r�a�t�i�o�n� �o�f� �t�h�e� 

�e�l�e�c�t�r�o�n� �s�p�i�n� �t�r�a�n�s�i�t�i�o�n� �o�f� �t�h�e� �f�r�e�e� �r�a�d�i�c�a�l� �m�o�l�e�c�u�l�e�s� �b�y� �t�h�e� �m�i�c�r�o�w�a�v�e� �p�o�w�e�r�.� �T�h�e� 

�l�o�n�g�i�t�u�d�i�n�a�l� �e�x�p�e�c�t�a�t�i�o�n� �v�a�l�u�e� �o�f� �t�h�e� �e�l�e�c�t�r�o�n� �s�p�i�n� �m�o�m�e�n�t� �i�s� �g�i�v�e�n� �b�y� �t�h�e� �f�o�l�l�o�w�i�n�g� 

�f�o�r�m�u�l�a�:� 

�_� �S�o� 

�1�+� �7�s�B�i�s�T�i�s�h�s �� �(�S�z�)� �(�2�.�2�0�)� 

�T�h�e�r�e�f�o�r�e�,� �t�h�e� �s� �f�a�c�t�o�r� �i�n� �E�q�.� �2�.�1�0� �c�a�n� �b�e� �e�x�p�r�e�s�s�e�d� �a�s�:� 

�5� �_�_� �Y�s� �B�T� �h�s� �(�2�.�2�1�)� 

�1�+� �Y�5�B�i�s�T� �s�y�s� 

�w�h�e�r�e� �T�s� �a�n�d� �7�2�s� �a�r�e� �t�h�e� �e�l�e�c�t�r�o�n� �s�p�i�n�-�l�a�t�t�i�c�e� �a�n�d� �s�p�i�n�-�s�p�i�n� �r�e�l�a�x�a�t�i�o�n� �r�a�t�e�s�,� �r�e�s�p�e�c�t�i�v�e�l�y�;� 

�B�,�,� �i�s� �t�h�e� �i�n�d�u�c�t�a�n�c�e� �o�f� �t�h�e� �m�i�c�r�o�w�a�v�e� �f�i�e�l�d�,� �t�h�e� �s�q�u�a�r�e� �o�f� �t�h�i�s� �q�u�a�n�t�i�t�y� �i�s� �p�r�o�p�o�r�t�i�o�n�a�l� �t�o� 

�t�h�e� �m�i�c�r�o�w�a�v�e� �p�o�w�e�r� �P�.� �F�r�o�m� �E�q�.� �2�.�1�3� �a�n�d� �E�q�.� �2�.�2�1�,� 

�-�1� 
�l� �[� �y� �l� 
�_�-�=� �a�k�s�)� �(�i�s�)�,� �(�2�.�2�2�)� 
�A�  ��1� �1�5�3�i� �s�l�i� �s�k�y�s� 

�S�i�n�c�e� �B�,� �«� �P�,� �t�h�e� �s� �f�a�c�t�o�r� �c�a�n� �b�e� �o�b�t�a�i�n�e�d� �b�y� �m�a�k�i�n�g� �a� �p�l�o�t� �o�f� �J�/�A� �v�e�r�s�u�s� �/�/�P�.� �T�h�e� 

�r�e�c�i�p�r�o�c�a�l� �o�f� �t�h�e� �i�n�t�e�r�c�e�p�t� �o�f� �t�h�i�s� �p�l�o�t� �i�s� �t�h�e� �e�x�t�r�a�p�o�l�a�t�e�d� �e�n�h�a�n�c�e�m�e�n�t� �w�h�e�n� �s� �=� �1�,� �t�h�a�t� �i�s�,� 
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�(�a�)� 

�(�b�)� 

�F�i�g�u�r�e� �2�.�2�.� �N�u�c�l�e�u�s�-�E�l�e�c�t�r�o�n� �C�o�u�p�l�i�n�g� �S�y�s�t�e�m�s�:� �(�a�)� �T�w�o� �S�p�i�n� �C�o�u�p�l�i�n�g� �S�y�s�t�e�m�;� 
�(�b�)� �T�h�r�e�e� �S�p�i�n� �C�o�u�p�l�i�n�g� �S�y�s�t�e�m� �(�C�i�t�e�d� �f�r�o�m� �R�e�f�.� �1�)�.� 
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�A�v� �=� �o�f� �i� �=�I�n�t�e�r�c�e�p�t� �V�a�l�u�e�,� �(�2�.�2�3�)� 
�f� 

�s�=�s� 

�o�b�s� �B�y� �m�a�k�i�n�g� �a� �r�a�t�i�o� �o�f� �t�h�e� �o�b�s�e�r�v�e�d� �e�n�h�a�n�c�e�m�e�n�t� �4�\�, ��(�P�)� �m�e�a�s�u�r�e�d� �u�n�d�e�r� �c�e�r�t�a�i�n� 

�m�i�c�r�o�w�a�v�e� �p�o�w�e�r� �P� �t�o� �t�h�e� �A�:�,�,�(�P ��>�)�,� �t�h�e� �s� �f�a�c�t�o�r� �c�o�r�r�e�s�p�o�n�d�i�n�g� �t�o� �t�h�e� �4 ��; ��(�P�)� �i�s� 

�o�b�t�a�i�n�e�d�,� �t�h�a�t� �i�s�,� 

�_� �A�n� �(�P�)� �(�2�.�2�4�)� 
�*� �~�4�=�\�(�P� �>� �a�) �� 

�T�h�e� �s�t�a�b�l�e� �f�r�e�e� �r�a�d�i�c�a�l�s� �e�m�p�l�o�y�e�d� �i�n� �t�h�i�s� �w�o�r�k� �w�e�r�e� �n�i�t�r�o�x�i�d�e� �r�a�d�i�c�a�l�s� �T�E�M�P�O� 

�a�n�d� �T�E�M�P�O�L� �(�4�-�h�y�d�r�o�x�y� �T�E�M�P�O�)�.� �T�h�e�s�e� �f�r�e�e� �r�a�d�i�c�a�l�s� �a�r�e� �v�e�r�y� �s�t�a�b�l�e�;� �t�h�e� �u�n�p�a�i�r�e�d� 

�e�l�e�c�t�r�o�n� �i�s� �l�o�c�a�l�i�z�e�d� �o�n� �t�h�e� �N�-�O� �g�r�o�u�p�;� �a�n�d� �t�h�e�y� �a�r�e� �c�o�m�m�e�r�c�i�a�l�l�y� �a�v�a�i�l�a�b�l�e�.� �S�o�m�e� �o�f� 

�t�h�e�m� �a�r�e� �w�a�t�e�r� �s�o�l�u�b�l�e�,� �s�u�c�h� �a�s� �T�E�M�P�O�L�.� 

�T�h�e� �m�a�j�o�r� �d�r�a�w�b�a�c�k� �o�f� �t�h�e�s�e� �f�r�e�e� �r�a�d�i�c�a�l�s� �i�s� �t�h�a�t� �t�h�e�r�e� �a�r�e� �t�h�r�e�e� �e�l�e�c�t�r�o�n� �s�p�i�n� 

�t�r�a�n�s�i�t�i�o�n�s� �(�F�i�g�u�r�e� �2�.�3�)�,� �w�h�i�c�h� �m�e�a�n�s� �t�h�e� �p�o�s�s�i�b�l�e� �i�n�c�o�m�p�l�e�t�e� �s�a�t�u�r�a�t�i�o�n� �o�f� �t�h�e�s�e� �e�l�e�c�t�r�o�n� 

�s�p�i�n� �t�r�a�n�s�i�t�i�o�n�s� �b�y� �t�h�e� �m�i�c�r�o�w�a�v�e� �p�o�w�e�r� �d�u�r�i�n�g� �t�h�e� �D�N�P� �e�x�p�e�r�i�m�e�n�t�,� �a�n�d� �t�h�u�s� �a�n� �e�r�r�o�r� 

�o�c�c�u�r�s� �i�n� �t�h�e� �u�l�t�i�m�a�t�e� �D�N�P� �e�n�h�a�n�c�e�m�e�n�t�.� �|� 

�T�h�e� �i�n�f�l�u�e�n�c�e� �o�f� �t�h�e� �t�r�i�p�l�e� �r�e�s�o�n�a�n�c�e� �o�f� �t�h�e� �n�i�t�r�o�x�i�d�e� �f�r�e�e� �r�a�d�i�c�a�l� �o�n� �t�h�e� �D�N�P� 

�e�n�h�a�n�c�e�m�e�n�t� �d�e�p�e�n�d�s� �o�n� �t�h�e� �f�r�e�e� �r�a�d�i�c�a�l� �c�o�n�c�e�n�t�r�a�t�i�o�n�.� �W�h�e�n� �t�h�e� �f�r�e�e� �r�a�d�i�c�a�l� 

�c�o�n�c�e�n�t�r�a�t�i�o�n� �i�s� �h�i�g�h� �e�n�o�u�g�h� �(�>�0�.�0�8� �M�)�,� �f�a�s�t� �u�n�p�a�i�r�e�d� �e�l�e�c�t�r�o�n� �s�p�i�n� �e�x�c�h�a�n�g�e� �(�c�a�l�l�e�d� 

�e�l�e�c�t�r�o�n�-�e�l�e�c�t�r�o�n� �e�x�c�h�a�n�g�e� �e�f�f�e�c�t�,� �o�r� �b�r�i�e�f�l�y�,� �e�-�e� �e�f�f�e�c�t�)� �m�a�y� �o�c�c�u�r� �w�h�i�c�h� �r�e�s�u�l�t�s� �i�n� �a� �r�a�p�i�d� 

�s�p�r�e�a�d�i�n�g� �o�f� �t�h�e� �e�l�e�c�t�r�o�n� �s�p�i�n� �t�r�a�n�s�i�t�i�o�n�s� �a�m�o�n�g� �t�h�e� �f�r�e�e� �r�a�d�i�c�a�l�s� �s�o� �t�h�a�t� �t�h�e� �t�h�r�e�e� �t�r�i�p�l�e� 

�e�l�e�c�t�r�o�n� �s�p�i�n� �t�r�a�n�s�i�t�i�o�n� �p�e�a�k�s� �a�v�e�r�a�g�e� �i�n�t�o� �a� �b�r�o�a�d� �s�i�n�g�l�e� �t�r�a�n�s�i�t�i�o�n� �p�e�a�k� �(�F�i�g�u�r�e� �2�.�3�)�,� 
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�w�h�i�c�h� �i�s� �e�a�s�i�e�r� �t�o� �s�a�t�u�r�a�t�e�,� �a�n�d� �t�h�e� �e�l�e�c�t�r�o�n�-�e�l�e�c�t�r�o�n� �e�x�c�h�a�n�g�e� �h�a�s� �l�i�t�t�l�e� �e�f�f�e�c�t� �o�n� �t�h�e� �D�N�P� 

�e�n�h�a�n�c�e�m�e�n�t�.� �T�h�e� �E�P�R� �s�p�e�c�t�r�a� �o�f� �T�E�M�P�O� �i�n� �d�i�f�f�e�r�e�n�t� �c�o�n�c�e�n�t�r�a�t�i�o�n� �a�r�e� �g�i�v�e�n� �i�n� �F�i�g�u�r�e� 

�2�.�3�.� 

�W�h�e�n� �t�h�e� �f�r�e�e� �r�a�d�i�c�a�l� �c�o�n�c�e�n�t�r�a�t�i�o�n� �i�s� �l�o�w�e�r� �t�h�a�n� �0�.�0�0�5� �M�,� �t�h�e� �e�-�e� �e�f�f�e�c�t� �c�a�n� �n�o�t� 

�b�e� �i�g�n�o�r�e�d�.� �T�h�e� �e�s�t�i�m�a�t�i�o�n� �o�f� �t�h�e� �e�-�e� �e�f�f�e�c�t� �o�n� �t�h�e� �D�N�P� �u�l�t�i�m�a�t�e� �e�n�h�a�n�c�e�m�e�n�t� �c�a�n� �b�e� 

�m�a�d�e� �b�y� �t�h�e� �f�o�l�l�o�w�i�n�g� �f�o�r�m�u�l�a�:�* ��°� 

� � 

�w�h�e�r�e� �A�.�.�i�s� �t�h�e� �t�r�u�e� �D�N�P� �e�n�h�a�n�c�e�m�e�n�t� �w�i�t�h� �n�i�t�r�o�x�i�d�e�s� �a�s� �t�h�e� �f�r�e�e� �r�a�d�i�c�a�l�,� �w�h�i�l�e� �G�,�,� �i�s� �t�h�e� 

�e�x�t�r�a�p�o�l�a�t�e�d� �e�n�h�a�n�c�e�m�e�n�t� �w�i�t�h� �t�h�e� �e�-�e� �e�f�f�e�c�t�;� �«�x� �i�s� �t�h�e� �e�-�e� �e�x�c�h�a�n�g�e� �r�a�t�e�,� �w�h�i�c�h� �i�s� 

�p�r�o�p�o�r�t�i�o�n�a�l� �t�o� �t�h�e� �f�r�e�e� �r�a�d�i�c�a�l� �c�o�n�c�e�n�t�r�a�t�i�o�n�,� �[�R�-�]�,� �a�n�d� �c�a�n� �b�e� �e�s�t�i�m�a�t�e�d� �f�r�o�m� �t�h�e� �E�P�R� 

�l�i�n�e�w�i�d�t�h� �i�n� �t�h�e� �f�o�l�l�o�w�i�n�g� �f�o�r�m�u�l�a�:� 

�z�-�(�2�|� �+�K�,� �(�2�.�2�6�)� 
�D�s� �Z�s� �[�R�-�]�=�0� 

�p� �i�s� �t�h�e� �e�l�e�c�t�r�o�n� �t�r�a�n�s�i�t�i�o�n� �p�r�o�b�a�b�i�l�i�t�y�,� �w�h�i�c�h� �i�s� �e�s�t�i�m�a�t�e�d� �f�r�o�m� �t�h�e� �E�P�R� �l�i�n�e�w�i�d�t�h� �w�h�e�n� 

�t�h�e� �f�r�e�e� �r�a�d�i�c�a�l� �c�o�n�c�e�n�t�r�a�t�i�o�n� �i�s� �z�e�r�o�,� 
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�(�a�)�.� �1�x� �1�0�°�M� �(�b�)�.� �1�x� �1�0�'�M� 

�a� 
 ��p� �K�e� � � � � � � � � � � �|� �1� �G�a�u�s�s� � � 

�F�i�g�u�r�e� �2�.�3�.� �E�P�R� �S�p�e�c�t�r�a� �o�f� �T�E�M�P�O�:� �(�a�)� �0�.�0�0�1� �M�;� �(�b�)� �0�.�1� �M� 
�(�C�i�t�e�d� �f�r�o�m� �R�e�f�.� �1�)�.� 
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�2�5� �L�,� 

�w�h�e�r�e� �a�n�a� �(�|� �a�r�e� �t�h�e� �l�i�n�e�w�i�d�t�h� �o�f� �t�h�e� �E�P�R� �s�i�g�n�a�l�s� �o�f� �t�h�e� �n�i�t�r�o�x�i�d�e� �f�r�e�e� 
�2�5� �/�t�R�J�2�0� 

�r�a�d�i�c�a�l�s� �a�t� �c�e�r�t�a�i�n� �a�n�d� �z�e�r�o� �c�o�n�c�e�n�t�r�a�t�i�o�n�s�,� �r�e�s�p�e�c�t�i�v�e�l�y�.� 

�F�r�o�m� �t�h�e� �e�x�p�e�r�i�m�e�n�t�a�l�l�y� �m�e�a�s�u�r�a�b�l�e� �d�a�t�a� �G�.�,� �«� �a�n�d� �p�,� �t�h�e� �t�r�u�e� �e�n�h�a�n�c�e�m�e�n�t� �4�.� 

�c�a�n� �b�e� �o�b�t�a�i�n�e�d�.� 

�A�n�o�t�h�e�r� �p�o�s�s�i�b�l�e� �a�p�p�r�o�a�c�h� �t�o� �e�l�i�m�i�n�a�t�e� �t�h�e� �e�-�e� �e�f�f�e�c�t� �i�s� �t�o� �s�a�t�u�r�a�t�e� �t�h�e� �t�r�i�p�l�e� 

�e�l�e�c�t�r�o�n� �t�r�a�n�s�i�t�i�o�n�s� �o�f� �t�h�e� �n�i�t�r�o�x�i�d�e� �r�a�d�i�c�a�l�s� �b�y� �a� �p�u�l�s�e�d� �E�P�R� �t�e�c�h�n�i�q�u�e�.� �T�h�i�s� �t�e�c�h�n�i�q�u�e� 

�m�a�y� �a�l�s�o� �b�e� �a� �p�r�o�m�i�s�i�n�g� �m�e�t�h�o�d� �f�o�r� �a�c�c�u�r�a�t�e�l�y� �m�e�a�s�u�r�i�n�g� �t�h�e� �s� �f�a�c�t�o�r� �i�n� �t�h�e� �D�N�P� 

�e�x�p�e�r�i�m�e�n�t�.� 

�2�.�2� �G�e�n�e�r�a�l� �F�o�r�m� �o�f� �t�h�e� �C�o�u�p�l�i�n�g� �F�a�c�t�o�r� �p� 

�F�r�o�m� �E�q�.� �2�.�1�5�,� �i�t� �c�a�n� �b�e� �s�e�e�n� �t�h�a�t� �t�h�e� �u�l�t�i�m�a�t�e� �D�N�P� �e�n�h�a�n�c�e�m�e�n�t� �i�s� �d�e�t�e�r�m�i�n�e�d� 

�b�y� �t�h�e� �g�y�r�o�m�a�g�n�e�t�i�c� �r�a�t�i�o� �b�e�t�w�e�e�n� �t�h�e� �e�l�e�c�t�r�o�n� �a�n�d� �t�h�e� �n�u�c�l�e�u�s�,� �a�n�d� �b�y� �t�h�e� �c�o�u�p�l�i�n�g� 

�c�o�n�s�t�a�n�t� �p�.� �S�i�n�c�e� �t�h�e� �g�y�r�o�m�a�g�n�e�t�i�c� �r�a�t�i�o� �i�s� �t�h�e� �i�n�t�r�i�n�s�i�c� �p�r�o�p�e�r�t�y� �o�f� �t�h�e� �e�l�e�c�t�r�o�n� �a�n�d� �t�h�e� 

�n�u�c�l�e�u�s�,� �t�h�e� �i�n�t�e�r�m�o�l�e�c�u�l�a�r� �i�n�t�e�r�a�c�t�i�o�n� �i�n�f�o�r�m�a�t�i�o�n�,� �s�u�c�h� �a�s� �t�h�e� �c�o�u�p�l�i�n�g� �i�n�t�e�n�s�i�t�y� �a�n�d� �t�h�e� 

�c�o�u�p�l�i�n�g� �m�e�c�h�a�n�i�s�m�,� �i�s� �s�o�l�e�l�y� �c�o�n�t�a�i�n�e�d� �i�n� �t�h�e� �c�o�u�p�l�i�n�g� �c�o�n�s�t�a�n�t�.� 
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�n�u�c�l�e�u�s�,� �t�h�e� �i�n�t�e�r�m�o�l�e�c�u�l�a�r� �i�n�t�e�r�a�c�t�i�o�n� �i�n�f�o�r�m�a�t�i�o�n�,� �s�u�c�h� �a�s� �t�h�e� �c�o�u�p�l�i�n�g� �i�n�t�e�n�s�i�t�y� �a�n�d� 

�t�h�e� �c�o�u�p�l�i�n�g� �m�e�c�h�a�n�i�s�m�,� �i�s� �s�o�l�e�l�y� �c�o�n�t�a�i�n�e�d� �i�n� �t�h�e� �c�o�u�p�l�i�n�g� �c�o�n�s�t�a�n�t�.� 

�A�c�c�o�r�d�i�n�g� �t�o� �A�b�r�a�g�a�m�, ��'� �t�h�e� �H�a�m�i�l�t�o�n�i�a�n� �t�e�r�m� �i�n� �E�q�.� �2�.�8� �f�o�r� �t�h�e� �n�u�c�l�e�a�r�-�e�l�e�c�t�r�o�n� 

�c�o�u�p�l�i�n�g� �p�a�i�r� �c�a�n� �b�e� �e�x�p�r�e�s�s�e�d� �a�s� 

�w�h�e�r�e� �F� �(�r�)� �a�r�e� �t�h�e� �r�a�n�d�o�m� �f�u�n�c�t�i�o�n�s� �o�f� �o�n�l�y� �t�h�e� �r�e�l�a�t�i�v�e� �p�o�s�i�t�i�o�n�s� �o�f� �t�h�e� �t�w�o� �s�p�i�n�s� �o�f� 

�i�n�t�e�r�e�s�t� �a�n�d� �t�h�e� �U�,� �a�r�e� �o�p�e�r�a�t�o�r�s� �a�c�t�i�n�g� �o�n�l�y� �o�n� �t�h�e� �s�p�i�n� �v�a�r�i�a�b�l�e�s� �o�f� �t�h�e� �n�u�c�l�e�a�r�-�e�l�e�c�t�r�o�n� 

�s�y�s�t�e�m�,� �w�i�t�h� �t�h�e� �c�o�n�v�e�n�t�i�o�n� �=�F�,� �a�n�d� �U� �=� �U�t� 

�T�h�e� �f�u�n�c�t�i�o�n�s� �F�,� �a�r�e� �g�i�v�e�n� �b�y ��!� 

�[�4�8�x� �8�1�x� 
�f�.� �e�e� �°� �6�,� �:� �>�.� �f�e� �= ��  ��y�"� �0�,� �a�p�o� 

�B�=� �y�h� �(�6�.�0�)�;� �B�=� �A�l�e�)� 
�»� �(�2�.�2�9�)� 

� � 

�T�h�e� �f�u�n�c�t�i�o�n�s� �Y�/� �a�r�e� �t�h�e� �s�e�c�o�n�d� �o�r�d�e�r� �n�o�r�m�a�l�i�z�e�d� �s�p�h�e�r�i�c�a�l� �h�a�r�m�o�n�i�c�s�. �� �T�h�e� �a�n�g�l�e�s� �@� 

�a�n�d� �@� �a�r�e� �t�h�e� �p�o�l�a�r� �c�o�o�r�d�i�n�a�t�e�s� �o�f� �t�h�e� �i�n�t�e�r�s�p�i�n� �v�e�c�t�o�r� �7� �i�n� �t�h�e� �l�a�b�o�r�a�t�o�r�y� �f�r�a�m�e�.� �T�h�e� 

�q�u�a�n�t�i�t�y� �4�/�t�)� �r�e�p�r�e�s�e�n�t�s� �t�h�e� �i�n�t�e�r�m�o�l�e�c�u�l�a�r� �h�y�p�e�r�f�i�n�e� �c�o�u�p�l�i�n�g� �b�e�t�w�e�e�n� �t�h�e� �n�u�c�l�e�u�s� �a�n�d� 

�t�h�e� �e�l�e�c�t�r�o�n�.� �A�c�c�o�r�d�i�n�g� �t�o� �t�h�e� �n�a�t�u�r�e� �o�f� �t�h�e� �d�i�p�o�l�a�r� �a�n�d� �s�c�a�l�a�r� �c�o�u�p�l�i�n�g�,� �F�y�,� �f�F�)�,� �a�n�d� �f�F� �a�r�e



�t�h�e� �r�a�n�d�o�m� �f�u�n�c�t�i�o�n�s� �f�o�r� �d�e�s�c�r�i�b�i�n�g� �t�h�e� �d�i�p�o�l�a�r� �c�o�u�p�l�i�n�g�,� �w�h�i�l�e� �F�;� �i�s� �f�o�r� �t�h�e� �s�c�a�l�a�r� 

�c�o�u�p�l�i�n�g�.� 

�F�r�o�m� �E�q�.� �2�.�8�,� �i�t� �c�a�n� �b�e� �s�e�e�n� �t�h�a�t� �t�h�e� �c�o�u�p�l�i�n�g� �c�o�n�s�t�a�n�t� �i�s� �d�e�t�e�r�m�i�n�e�d� �b�y� �t�h�e� 

�t�r�a�n�s�i�t�i�o�n� �p�r�o�b�a�b�i�l�i�t�i�e�s� �o�f� �t�h�e� �n�u�c�l�e�u�s�-�e�l�e�c�t�r�o�n� �c�o�u�p�l�i�n�g� �s�y�s�t�e�m�.� �T�h�e� �e�n�e�r�g�y� �l�e�v�e�l� �a�n�d� �t�h�e� 

�c�o�r�r�e�s�p�o�n�d�i�n�g� �t�r�a�n�s�i�t�i�o�n�s� �a�r�e� �s�h�o�w�n� �i�n� �F�i�g�u�r�e� �2�.�1�.� �W�i�t�h� �t�h�e� �h�e�l�p� �o�f� �p�e�r�t�u�r�b�a�t�i�o�n� �t�h�e�o�r�y�,� 

�t�h�e� �t�r�a�n�s�i�t�i�o�n� �p�r�o�b�a�b�i�l�i�t�y� �W�;�,�,� �b�e�t�w�e�e�n� �t�h�e� �s�t�a�t�e�s� �|�)� �a�n�d� �|�m�)� �i�n� �t�h�e� �c�o�u�p�l�i�n�g� �s�y�s�t�e�m� �c�a�n� 

�b�e� �e�x�p�r�e�s�s�e�d� �a�s �� 

�w�h�e�r�e� �J�(�a�)� �a�r�e� �t�h�e� �s�p�e�c�t�r�a�l� �d�e�n�s�i�t�y� �f�u�n�c�t�i�o�n�s� �w�h�o�s�e� �f�o�r�m� �a�r�e� �d�e�t�e�r�m�i�n�e�d� �b�y� �t�h�e� 

�s�p�e�c�i�f�i�c� �n�u�c�l�e�u�s�-�e�l�e�c�t�r�o�n� �c�o�u�p�l�i�n�g� �m�e�c�h�a�n�i�s�m�s�.� �B�y� �c�a�l�c�u�l�a�t�i�n�g� �o�u�t� �t�h�e� �W�,�,�,� �f�o�r� �e�a�c�h� �t�e�r�m� 

�i�n� �f�o�r�m�u�l�a� �2�.�8�,� �t�h�e� �c�o�u�p�l�i�n�g� �c�o�n�s�t�a�n�t� �p� �c�a�n� �b�e� �e�x�p�r�e�s�s�e�d� �a�s� �a� �f�u�n�c�t�i�o�n� �o�f� �t�h�e� �s�p�e�c�t�r�a�l� 

�d�e�n�s�i�t�y� �f�u�n�c�t�i�o�n�s�,� �w�h�i�c�h� �c�o�n�t�a�i�n� �t�h�e� �i�n�t�e�n�s�i�t�y� �a�n�d� �t�h�e� �i�n�t�e�r�a�c�t�i�n�g� �m�e�c�h�a�n�i�s�m� �i�n�f�o�r�m�a�t�i�o�n� 

�o�f� �t�h�e� �c�o�u�p�l�i�n�g� �p�r�o�c�e�s�s�.� �T�h�e� �d�e�r�i�v�a�t�i�o�n� �o�f� �t�h�e� �c�o�u�p�l�i�n�g� �c�o�n�s�t�a�n�t� �p� �i�s� �g�i�v�e�n� �b�e�l�o�w�.� 

�T�h�e� �o�p�e�r�a�t�o�r�s� �U�,� �a�r�e� �g�i�v�e�n� �b�y ��.
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�U�,� �=�U�;� 
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�A� �A�A� �|� �a�r�s� �A�A� �(�=� �t�o�f� �S�4�8�2�}�,� �(�2�3�5�)� 

�B�y� �a�p�p�l�y�i�n�g� �t�h�e� �E�q�s� �2�.�3�1�-�2�.�3�5� �t�o� �E�q�.� �2�.�3�0�,� �t�h�e� �t�r�a�n�s�i�t�i�o�n� �p�r�o�b�a�b�i�l�i�t�i�e�s� �i�n� �E�q�.� �2�.�8� 

�c�a�n� �b�e� �c�a�l�c�u�l�a�t�e�d� �a�s� �f�o�l�l�o�w�s�:� 
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�¥� �[�C�1�0� �|�4�)�]� �J� �(�o�.�)� �I� 
�h�r�,� 

�w�h�e�r�e� �J�,�(�,�)� �=� �1�2�,� �t�e�"� �d�t�,� �a�n�d� �g�(�t�)� �=� �F�(�t�)� �(�t�+� �7�)�.� 

�S�i�n�c�e� �g�(� �t�)�=� �z�(�t�)�,� �a�n�d�@� �=�a�,� �J� �(�o�,�)� �=� �J�_�(�o�.�,� �)�.� �T�h�e�r�e�f�o�r�e�,� 
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�A�c�c�o�r�d�i�n�g� �t�o� �F�i�g�u�r�e� �2�.�1� �a�n�d� �t�h�e� �p�r�o�p�e�r�t�i�e�s� �o�f� �t�h�e� �r�a�i�s�i�n�g�-� �a�n�d� �l�o�w�e�r�i�n�g�-� �o�p�e�r�a�t�o�r�s�,� �t�h�e� 

�f�o�l�l�o�w�i�n�g� �r�e�s�u�l�t�s� �a�r�e� �o�b�t�a�i�n�e�d�:� 
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�W� �=� �W�,� 
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�I�f� �i�y� �.� �(�2�.�4�2�)� 
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�1�f�1�_�y� 
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�_� �W�s� �_� �W�i�,� 

�W�i�,� �+� �2� �+� �W�y�,� 

� � 

�9�J�.�(�@�5�  ��@�,�)�-� �J�,� 
� � 

�|� 
�_� �(�a�s� �+� �w�,�)�-� �(�S�a�u�,� �¥�s�¥�j�h� �y� �J�a�s� �+� �0�,� �)� 

�9�/�3� �(�w�s� �-� �,�)�+� �J�,�(� �@�s� �+� �c�o�,� �)�+� �1�8�.�J�,�(�@�,� �)�+�(�8�2�u�,� �y�y�)� �J�,�(� �a�g� �+� �@�,�)� 

�w�h�e�r�e� �@�,� �a�n�d� �@� �d�e�n�o�t�e� �t�h�e� �n�u�c�l�e�a�r� �a�n�d� �e�l�e�c�t�r�o�n� �r�e�s�o�n�a�n�c�e� �f�r�e�q�u�e�n�c�y�. �� �T�h�e� �s�p�e�c�i�f�i�c� 

�f�o�r�m� �o�f� �t�h�e� �s�p�e�c�t�r�a�l� �d�e�n�s�i�t�y� �f�u�n�c�t�i�o�n� �i�n� �t�h�i�s� �f�o�r�m�u�l�a� �d�e�p�e�n�d�s� �o�n� �t�h�e� �m�o�d�e�l� �c�h�o�s�e�n� �f�o�r� �t�h�e� 

�i�n�t�e�r�s�p�i�n� �c�o�u�p�l�i�n�g�.� �D�i�f�f�e�r�e�n�t� �m�o�d�u�l�a�t�i�o�n� �m�o�d�e�l�s� �f�o�r� �t�h�e� �n�u�c�l�e�u�s�-�e�l�e�c�t�r�o�n� �c�o�u�p�l�i�n�g� �w�i�l�l� �b�e� 

�d�i�s�c�u�s�s�e�d� �i�n� �t�h�e� �n�e�x�t� �s�e�c�t�i�o�n�.� �S�i�n�c�e� �W�,� �i�s� �a� �s�u�m� �o�f� �t�w�o� �t�e�r�m�s� �w�h�i�c�h� �i�n�v�o�l�v�e� �t�h�e� �s�p�e�c�t�r�a�l� 

�d�e�n�s�i�t�v� �f�u�n�c�t�i�o�n�s� �o�f� �.�J�p�(�@�)�/�j�,� �w�h�i�c�h� �i�s� �r�e�l�a�t�e�d� �t�o� �t�h�e� �d�i�p�o�l�a�r� �c�o�u�p�l�i�n�g�,� �a�n�d� �.�/�;�(�@�;�)�,� �w�h�i�c�h� �t�s� 

�r�e�l�a�t�e�d� �t�o� �t�h�e� �s�c�a�l�a�r� �c�o�u�p�l�i�n�g�,� �t�h�i�s� �t�r�a�n�s�i�t�i�o�n� �p�r�o�b�a�b�i�l�i�t�y� �c�a�n� �b�e� �w�r�i�t�t�e�n� �a�s�:� 

�W�e�=�W�+�W�*�,� �(�2�.�4�6�)� 

�T�h�e�r�e�t�o�r�e�,� �t�h�e� �c�o�u�p�l�i�n�g� �f�a�c�t�o�r� �c�a�n� �b�e� �f�u�r�t�h�e�r� �w�r�i�t�t�e�n� �i�n�t�o� �t�h�e� �t�o�l�l�o�w�i�n�g� �f�o�r�m�:



�W�e� �-�W�e� �-� �W�e� 
�O�o� �+�W� �+� �2�W�o� �+� �W�e�?� 
� � �p�=� �(�2�.�4�7�)� 
�H�i�,� �)� 

�2�.�3� �D�i�p�o�l�a�r� �a�n�d� �S�c�a�l�a�r� �C�o�u�p�l�i�n�g� 

�T�h�e� �i�n�t�e�r�a�c�t�i�o�n� �b�e�t�w�e�e�n� �t�h�e� �n�u�c�l�e�a�r� �s�p�i�n� �a�n�d� �t�h�e� �e�l�e�c�t�r�o�n� �s�p�i�n� �i�n� �t�h�e� �s�a�m�p�l�e� 

�s�o�l�u�t�i�o�n� �c�a�n� �b�e� �c�l�a�s�s�i�f�i�e�d� �i�n�t�o� �t�w�o� �m�e�c�h�a�n�i�s�m�s�:� �t�h�e� �d�i�p�o�l�a�r� �c�o�u�p�l�i�n�g� �a�n�d� �t�h�e� �s�c�a�l�a�r� 

�c�o�u�p�l�i�n�g�.� �T�h�e� �f�o�r�m�e�r� �i�s� �a� �c�l�a�s�s�i�c�a�l� �m�a�g�n�e�t�i�c� �i�n�t�e�r�a�c�t�i�o�n� �b�e�t�w�e�e�n� �t�h�e� �m�a�g�n�e�t�i�c� �d�i�p�o�l�e�s� �o�f� 

�t�h�e� �n�u�c�l�e�a�r� �s�p�i�n� �a�n�d� �t�h�a�t� �o�f� �t�h�e� �e�l�e�c�t�r�o�n� �s�p�i�n�.� �T�h�e� �d�i�p�o�l�a�r� �i�n�t�e�r�a�c�t�i�o�n� �i�s� �e�f�f�e�c�t�i�v�e� �t�h�r�o�u�g�h� 

�t�h�e� �i�n�t�e�r�s�p�i�n� �s�p�a�c�e� �a�n�d� �i�s� �a�l�w�a�y�s� �p�r�e�s�e�n�t� �i�n� �t�h�e� �s�o�l�u�t�i�o�n�.� �T�h�e� �c�o�r�r�e�s�p�o�n�d�i�n�g� �s�p�e�c�t�r�a�l� 

�d�e�n�s�i�t�y� �f�u�n�c�t�i�o�n� �t�s� �i�n�v�e�r�s�e�l�y� �p�r�o�p�o�r�t�i�o�n�a�l� �t�o� �e�i�t�h�e�r� �t�h�e� �t�h�i�r�d� �p�o�w�e�r� �o�r� �t�h�e� �s�i�x�t�h� �p�o�w�e�r� �o�f� 

�t�h�e� �i�n�t�e�r�s�p�i�n� �d�i�s�t�a�n�c�e�,� �d�e�p�e�n�d�i�n�g� �o�n� �w�h�e�t�h�e�r� �t�h�e� �c�o�u�p�l�i�n�g� �m�o�d�e�l� �i�s� �t�r�a�n�s�l�a�t�i�o�n�a�l� �o�r� 

�r�o�t�a�t�i�o�n�a�l� �d�i�f�f�u�s�i�o�n�,� �r�e�s�p�e�c�t�i�v�e�l�y�.� �T�h�e� �s�c�a�l�a�r� �c�o�u�p�l�i�n�g� �i�s� �a� �q�u�a�n�t�u�m� �m�e�c�h�a�n�i�c�a�l� 

�i�n�t�e�r�a�c�t�i�o�n� �w�h�i�c�h� �i�n�v�o�l�v�e�s� �t�h�e� �e�l�e�c�t�r�o�n� �s�p�i�n� �d�e�n�s�i�t�y� �t�r�a�n�s�f�e�r� �f�r�o�m� �t�h�e� �u�n�p�a�i�r�e�d� �e�l�e�c�t�r�o�n� �t�o� 

�t�h�e� �»�s� �o�r�b�i�t�a�l� �o�f� �t�h�e� �s�a�m�p�l�e� �n�u�c�l�e�u�s�.� �T�h�e� �t�r�a�n�s�f�e�r�r�e�d� �e�l�e�c�t�r�o�n� �s�p�i�n� �d�e�n�s�i�t�y� �i�n� �t�h�e� �n�s� �o�r�b�i�t�a�l� 

�i�n�t�e�r�a�c�t�s� �w�i�t�h� �t�h�e� �n�u�c�l�e�a�r� �s�p�i�n� �a�n�d� �c�a�u�s�e�s� �t�h�e� �s�p�i�n� �r�e�l�a�x�a�t�i�o�n� �l�a�b�e�l�e�d� �W�,�°� �i�n� �F�i�g�u�r�e� �2�.�1�.� 

�S�i�n�c�e� �t�h�e� �e�l�e�c�t�r�o�n� �s�p�i�n� �d�e�n�s�i�t�y� �t�r�a�n�s�f�e�r� �r�e�q�u�i�r�e�s� �a� �c�l�o�s�e� �c�o�n�t�a�c�t� �a�n�d� �o�v�e�r�l�a�p�p�i�n�g� �o�f� �t�h�e� 

�w�a�v�e� �f�u�n�c�t�i�o�n�s� �o�f� �t�h�e� �n�u�c�l�e�a�r� �a�n�d� �e�l�e�c�t�r�o�n� �s�p�i�n�s�,� �t�h�e� �s�c�a�l�a�r� �i�n�t�e�r�a�c�t�i�o�n� �i�s� �a� �s�h�o�r�t� �r�a�n�g�e� 

�i�n�t�e�r�a�c�t�i�o�n� �a�n�d� �i�s� �a�l�s�o� �c�a�l�l�e�d�  ��c�o�n�t�a�c�t� �c�o�u�p�l�i�n�g ��.� 
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�p�a�i�r�.� �F�o�r� �d�i�p�o�l�a�r� �c�o�u�p�l�i�n�g�,� �t�w�o� �m�o�d�u�l�a�t�i�o�n� �m�o�d�e�l�s� �h�a�v�e� �b�e�e�n� �p�r�o�p�o�s�e�d�.� �O�n�e� �i�s� �t�h�e� 

�r�e�l�a�t�i�v�e� �t�r�a�n�s�l�a�t�i�o�n�a�l� �d�i�f�f�u�s�i�o�n� �m�o�d�e�l�. ��*� �I�n� �t�h�i�s� �m�o�d�e�l�,� �t�h�e� �n�u�c�l�e�a�r� �a�n�d� �e�l�e�c�t�r�o�n� �s�p�i�n�s� �a�r�e� 

�i�n� �t�h�e� �c�e�n�t�e�r� �o�f� �t�h�e� �m�o�l�e�c�u�l�a�r� �m�o�i�e�t�i�e�s�,� �w�h�i�c�h� �a�r�e� �a�s�s�u�m�e�d� �t�o� �b�e� �s�p�h�e�r�i�c�a�l�.� �T�h�e� �d�i�p�o�l�a�r� 

�c�o�u�p�l�i�n�g� �i�s� �m�o�d�u�l�a�t�e�d� �b�y� �f�l�u�c�t�u�a�t�i�o�n�s� �i�n� �t�h�e� �i�n�t�e�r�s�p�i�n� �d�i�s�t�a�n�c�e�,� �a�n�d� �t�h�e� �f�r�e�e� �r�a�d�i�c�a�l� �a�n�d� 

�t�h�e� �s�a�m�p�l�e� �m�o�l�e�c�u�l�e� �d�o� �n�o�t� �f�o�r�m� �a� �c�o�m�p�l�e�x�.� �T�h�e� �m�u�c�h� �m�o�r�e� �g�e�n�e�r�a�l� �c�a�s�e� �o�f� �o�f�f�-�c�e�n�t�e�r� 

�s�p�i�n�s� �c�a�n�n�o�t� �b�e� �s�o�l�v�e�d� �c�o�m�p�l�e�t�e�l�y�.� �F�o�r� �t�h�i�s� �m�o�d�e�l�,� �t�h�e� �s�p�e�c�t�r�a�l� �d�e�n�s�i�t�y� �f�u�n�c�t�i�o�n� �i�s� �g�i�v�e�n� 

�b�y� 
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�J�l�a�)�=� �,� �2�.�4�8� 

�(�@�,�)� �1�4�0�.�9�7�)� �+�1�.�5�(�a�7�) �� �(�2�.�4�8�)� 
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�w�h�e�r�e� �@�;� �i�s� �t�h�e� �L�a�r�m�o�r� �f�r�e�q�u�e�n�c�y� �f�o�r� �t�h�e� �c�o�u�p�l�e�d� �n�u�c�l�e�a�r�-�e�l�e�c�t�r�o�n� �p�a�i�r�,� �a�n�d� �t�a�k�e�s� �t�h�e� 

�v�a�l�u�e�s� �o�f� �w�,� �@�s�t�+�@�,� �w�s�-�a�@�,� �f�o�r� �t�h�e� �t�r�a�n�s�i�t�i�o�n�s� �o�f� �s�i�n�g�l�e�,� �d�o�u�b�l�e�,� �a�n�d� �z�e�r�o� �q�u�a�n�t�u�m�,� 

�r�e�s�p�e�c�t�i�v�e�l�y�.� �7�,� �i�s� �t�h�e� �t�r�a�n�s�l�a�t�i�o�n�a�l� �c�o�r�r�e�l�a�t�i�o�n� �t�i�m�e�,� �w�h�i�c�h� �i�s� �d�e�f�i�n�e�d� �b�y� �t�h�e� �f�o�l�l�o�w�i�n�g� 

�e�q�u�a�t�i�o�n�:�*�®� 

�d �� �k�T� �n�a�g�,� �D�=�,� 
�=�(�D�,� �+� �D�,�)� �7� 
�2� �(�2�.�4�9�)� 
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�w�h�e�r�e� �D� �i�s� �t�h�e� �d�i�f�f�u�s�i�o�n� �c�o�n�s�t�a�n�t�,� �d�,� �i�s� �t�h�e� �d�i�s�t�a�n�c�e� �o�f� �t�h�e� �c�l�o�s�e�s�t� �a�p�p�r�o�a�c�h� �b�e�t�w�e�e�n� �t�h�e� 

�f�r�e�e� �r�a�d�i�c�a�l� �a�n�d� �t�h�e� �r�e�c�e�p�t�o�r� �m�o�l�e�c�u�l�e�,� �7�,� �a�n�d� �r�,� �a�r�e� �t�h�e� �r�a�d�i�i� �o�f� �t�h�e� �s�a�m�p�l�e� �m�o�l�e�c�u�l�e� �a�n�d� 

�o�f� �t�h�e� �f�r�e�e� �r�a�d�i�c�a�l� �m�o�l�e�c�u�l�e�,� �a�n�d� �7� �i�s� �t�h�e� �s�o�l�u�t�i�o�n� �v�i�s�c�o�s�i�t�y�.� 

�T�h�e� �d�i�p�o�l�a�r� �t�r�a�n�s�i�t�i�o�n� �p�r�o�b�a�b�i�l�i�t�i�e�s� �f�o�r� �t�h�i�s� �m�o�d�e�l� �a�r�e� �g�i�v�e�n� �b�y� 

�2�W�?� �=�3�W�?� �=�W�?� �/�2� �=� �=� �Y�Y� �t�N�d�7�J�(�@�)�,� �(�2�.�5�0�)� 

�w�h�e�r�e� �J�N�,� �i�s� �t�h�e� �u�n�p�a�i�r�e�d� �e�l�e�c�t�r�o�n� �c�o�n�c�e�n�t�r�a�t�i�o�n�.� 

�A�n�o�t�h�e�r� �m�o�d�u�l�a�t�i�o�n� �m�e�c�h�a�n�i�s�m� �f�o�r� �t�h�e� �d�i�p�o�l�a�r� �c�o�u�p�l�i�n�g� �i�s� �t�h�e� �r�o�t�a�t�i�o�n�a�l� �d�i�f�f�u�s�i�o�n� 

�m�o�d�e�l�.!"� �T�h�i�s� �m�o�d�e�l� �a�p�p�l�i�e�s� �t�o� �t�h�e� �s�i�t�u�a�t�i�o�n� �w�h�e�r�e� �t�h�e� �f�r�e�e� �r�a�d�i�c�a�l� �a�n�d� �t�h�e� �s�a�m�p�l�e� 

�m�o�l�e�c�u�l�e� �f�o�r�m� �a� �t�i�g�h�t� �b�o�u�n�d� �c�o�m�p�l�e�x�,� �o�r� �w�h�e�n� �t�h�e� �n�u�c�l�e�a�r� �a�n�d� �e�l�e�c�t�r�o�n� �s�p�i�n�s� �a�r�e� �i�n� �t�h�e� 

�s�a�m�e� �m�o�l�e�c�u�l�e�.� �T�h�e� �s�p�e�c�t�r�a�l� �d�e�n�s�i�t�y� �f�u�n�c�t�i�o�n� �f�o�r� �t�h�i�s� �m�o�d�e�l� �i�s� �g�i�v�e�n� �b�y� 
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�w�h�e�r�e� �7�,� �i�s� �t�h�e� �r�o�t�a�t�i�o�n�a�l� �c�o�r�r�e�l�a�t�i�o�n� �t�i�m�e� �a�n�d� �i�s� �d�e�f�i�n�e�d� �a�s�:� 
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�_� �4�a�b�'�n� 
�;� �2�.�5�2� �=�r� �(�2�.�5�2�)� 

�b� �i�s� �t�h�e� �e�f�f�e�c�t�i�v�e� �t�u�m�b�l�i�n�g� �r�a�d�i�u�s� �o�f� �t�h�e� �m�o�l�e�c�u�l�a�r� �c�o�m�p�l�e�x�.� 
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�T�h�e� �t�r�a�n�s�i�t�i�o�n� �p�r�o�b�a�b�i�l�i�t�i�e�s� �a�r�e� �g�i�v�e�n� �b�y� 

�N�.� 

�p� 

� � �J�a�*�s�(�0�)�,� �(�2�.�5�3�)� 

�w�h�e�r�e� �n�,� �i�s� �t�h�e� �n�u�m�b�e�r� �o�f� �t�h�e� �r�e�c�e�p�t�o�r� �n�u�c�l�e�i� �b�o�u�n�d� �n�e�a�r� �e�a�c�h� �e�l�e�c�t�r�o�n�,� �N�,� �i�s� �t�h�e� �t�o�t�a�l� 

�n�u�c�l�e�a�r� �c�o�n�c�e�n�t�r�a�t�i�o�n�,� �d�,� �i�s� �t�h�e� �a�v�e�r�a�g�e� �p�a�i�r� �r�a�d�i�u�s� �o�f� �t�h�e� �r�o�t�a�t�i�n�g� �a�d�d�u�c�t�.� 

�W�h�e�n� �t�h�e� �s�a�m�p�l�e� �m�o�l�e�c�u�l�e� �a�n�d� �t�h�e� �f�r�e�e� �r�a�d�i�c�a�l� �f�o�r�m� �a� �w�e�a�k� �c�o�m�p�l�e�x�,� �s�u�c�h� �a�s� �a� 

�w�e�a�k� �h�y�d�r�o�g�e�n� �b�o�n�d� �b�e�t�w�e�e�n� �a� �p�r�o�t�o�n� �o�f� �t�h�e� �s�a�m�p�l�e� �m�o�l�e�c�u�l�e� �a�n�d� �t�h�e� �f�r�e�e� �r�a�d�i�c�a�l�,� �t�h�e� 

�d�i�p�o�l�a�r� �t�r�a�n�s�i�t�i�o�n� �m�a�y� �b�e� �m�o�d�u�l�a�t�e�d� �b�y� �t�h�e� �m�i�x�e�d� �t�r�a�n�s�l�a�t�i�o�n�a�l� �a�n�d� �r�o�t�a�t�i�o�n�a�l� �d�i�f�f�u�s�i�o�n�.� 

�T�h�e� �s�p�e�c�t�r�a�l� �d�e�n�s�i�t�y� �f�u�n�c�t�i�o�n� �f�o�r� �t�h�e� �m�i�x�e�d� �m�o�d�u�l�a�t�i�o�n� �i�s� �i�n� �t�h�e� �f�o�l�l�o�w�i�n�g� �f�o�r�m�: ��°� 

� � �J�o�o�.�)� �=� �2� �p�l�a�n�)� �+� �R�E�L� �0�5�)� �}� �(�2�.�5�4�)� 
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�w�h�e�r�e� �7�,� �i�s� �t�h�e� �n�u�m�b�e�r� �o�f� �t�h�e� �u�n�p�a�i�r�e�d� �e�l�e�c�t�r�o�n�s� �p�e�r� �u�n�i�t� �v�o�l�u�m�e�,� �f�(�@�,�z�,�)� �a�n�d� �f�(�a�z�)� 

�a�r�e� �t�h�e� �r�e�d�u�c�e�d� �s�p�e�c�t�r�a�l� �d�e�n�s�i�t�y� �f�u�n�c�t�i�o�n�s�,� �a�n�d� �a�r�e� �d�e�f�i�n�e�d� �b�y� 

�J�,�(�a�,�)� 
�J�;�,�(�0�)� 
� � � � �(�0�)� �f�(�a�z�,�)�=� �,� �(�2�.�5�5�)� 

�T�h�e� �q�u�a�n�t�i�t�y� �R� �m�e�a�s�u�r�e�s� �t�h�e� �r�e�l�a�t�i�v�e� �i�n�f�l�u�e�n�c�e� �o�f� �t�h�e� �r�o�t�a�t�i�o�n�a�l� �d�i�f�f�u�s�i�o�n� �t�o� �t�h�e� 

�m�i�x�e�d� �m�o�d�u�l�a�t�i�o�n� �o�f� �t�h�e� �d�i�p�o�l�a�r� �c�o�u�p�l�i�n�g�.� �I�t� �i�s� �g�i�v�e�n� �b�y� 
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�w�h�e�r�e� �n�,� �i�s� �t�h�e� �n�u�m�b�e�r� �o�f� �t�h�e� �n�u�c�l�e�i� �p�e�r� �u�n�i�t� �v�o�l�u�m�e�,� �m� �i�s� �t�h�e� �a�v�e�r�a�g�e� �n�u�m�b�e�r� �o�f� �n�u�c�l�e�i� 

�a�s�s�o�c�i�a�t�e�d� �w�i�t�h� �a� �r�a�d�i�c�a�l� �m�o�l�e�c�u�l�e�.� 

�T�h�e� �c�o�u�p�l�i�n�g� �c�o�n�s�t�a�n�t� �f�o�r� �t�h�e� �c�a�s�e� �o�f� �a� �m�i�x�t�u�r�e� �o�f� �t�r�a�n�s�l�a�t�i�o�n�a�l� �a�n�d� �r�o�t�a�t�i�o�n�a�l� 

�d�i�f�f�u�s�i�o�n� �c�a�n� �b�e� �d�e�r�i�v�e�d� �b�y� �a�s�s�u�m�i�n�g� �t�h�a�t� �w�,� �<�<� �@�,�,� �a�n�d� �b�y� �e�m�p�l�o�y�i�n�g� �t�h�e� �f�o�l�l�o�w�i�n�g� 

�f�o�r�m�u�l�a�:� 

�w�h�e�r�e� �J�,� �(�@�,�)� �i�s� �t�h�e� �s�a�m�e� �s�p�e�c�t�r�a�l� �d�e�n�s�i�t�y� �f�u�n�c�t�i�o�n� �u�s�e�d� �i�n� �E�q�.�2�.�4�4�,� �a� �c�a�n� �b�e� �w�)�,� �@�s�-�@� �o�r� 

�@�s�+� �a�,� �C�,� �i�s� �a� �c�o�n�s�t�a�n�t�.� �B�y� �s�u�b�s�t�i�t�u�t�i�n�g� �t�h�e� �J�,� �(�@�,�)� �i�n�t�o� �E�q�.�2�.�4�5�,� �t�h�e� �c�o�u�p�l�i�n�g� �f�a�c�t�o�r�®�®� �c�a�n� 

�b�e� �w�r�i�t�t�e�n� �a�s� 

�{�A�l�a�c�s�)� �+�8� �f�(�0�,�1�)� 
�1� �r�,� 
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�t� 

�(�2�.�5�8�)� � � 

�T�h�i�s� �e�q�u�a�t�i�o�n� �c�a�n� �b�e� �u�s�e�d� �f�o�r� �i�n�t�e�r�p�r�e�t�i�n�g� �t�h�e� �D�N�P� �r�e�s�u�l�t�s� �o�f� �n�u�c�l�e�i� �t�h�a�t� �h�a�v�e� �a� 

�m�i�x�e�d� �t�r�a�n�s�l�a�t�i�o�n�a�l� �a�n�d� �r�o�t�a�t�i�o�n�a�l� �d�i�f�f�u�s�i�o�n� �d�i�p�o�l�a�r� �c�o�u�p�l�i�n�g� �m�e�c�h�a�n�i�s�m�,� �s�u�c�h� �a�s� �t�h�e� �c�a�s�e� 

�o�f� �p�r�o�t�o�n�s� �w�i�t�h�o�u�t� �a�n�y� �s�c�a�l�a�r� �c�o�n�t�r�i�b�u�t�i�o�n�.� 
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�A�s� �m�e�n�t�i�o�n�e�d� �b�e�f�o�r�e�,� �t�h�e� �H�a�m�i�l�t�o�n�i�a�n� �f�o�r� �t�h�e� �s�c�a�l�a�r� �i�n�t�e�r�a�c�t�i�o�n� �b�e�t�w�e�e�n� �t�h�e� 

�n�u�c�l�e�a�r� �s�p�i�n� �a�n�d� �t�h�e� �u�n�p�a�i�r�e�d� �e�l�e�c�t�r�o�n� �s�p�i�n� �c�a�n� �b�e� �e�x�p�r�e�s�s�e�d� �a�s� 

�H�g�,�(�t�)�=�-�A�g�l�-�S�,� �(�2�.�5�)� 

�T�h�e� �t�i�m�e� �d�e�p�e�n�d�e�n�c�e� �o�f� �t�h�e� �s�c�a�l�a�r� �c�o�u�p�l�i�n�g� �m�a�y� �a�r�i�s�e� �e�i�t�h�e�r� �f�r�o�m� �t�h�e� �t�i�m�e� 

�d�e�p�e�n�d�e�n�c�e� �o�f� �t�h�e� �h�y�p�e�r�f�i�n�e� �c�o�u�p�l�i�n�g� �c�o�n�s�t�a�n�t� �A�s�;�,� �o�r� �f�r�o�m� �t�h�e� �t�i�m�e� �d�e�p�e�n�d�e�n�c�e� �o�f� �t�h�e� 

�o�r�i�e�n�t�a�t�i�o�n� �o�f� �t�h�e� �e�l�e�c�t�r�o�n� �s�p�i�n� �S�.� �T�h�e�s�e� �t�w�o� �m�e�c�h�a�n�i�s�m�s� �a�r�e� �d�e�n�o�t�e�d� �a�s� �s�c�a�l�a�r� �r�e�l�a�x�a�t�i�o�n� 

�o�f� �t�h�e� �f�i�r�s�t� �k�i�n�d� �a�n�d� �t�h�e� �s�e�c�o�n�d� �k�i�n�d�,� �r�e�s�p�e�c�t�i�v�e�l�y�.�- �� �T�h�e� �s�e�c�o�n�d� �k�i�n�d� �o�f� �t�h�e� �s�c�a�l�a�r� 

�r�e�l�a�x�a�t�i�o�n� �h�a�s� �b�e�e�n� �f�o�u�n�d� �t�o� �b�e� �i�m�p�o�r�t�a�n�t� �i�n� �s�y�s�t�e�m�s� �s�u�c�h� �a�s� �M�n�C�l�,� �i�n� �a�q�u�e�o�u�s� �s�o�l�u�t�i�o�n�s�.� 

�T�h�e� �u�n�p�a�i�r�e�d� �e�l�e�c�t�r�o�n� �o�f� �M�n ��*� �c�o�u�p�l�e�s� �w�i�t�h� �t�h�e� �w�a�t�e�r� �p�r�o�t�o�n�s�.� �A�t� �l�o�w� �m�a�g�n�e�t�i�c� �f�i�e�l�d�,� 

�l�a�r�g�e� �p�o�s�i�t�i�v�e� �e�n�h�a�n�c�e�m�e�n�t�s� �w�e�r�e� �o�b�s�e�r�v�e�d�,� �i�n�d�i�c�a�t�i�n�g� �a� �s�c�a�l�a�r� �d�o�m�i�n�a�t�e�d� �c�o�u�p�l�i�n�g� 

�m�e�c�h�a�n�i�s�m�. �� �T�h�i�s� �i�s� �d�u�e� �t�o� �t�h�e� �r�a�p�i�d� �f�l�i�p�p�i�n�g� �o�f� �t�h�e� �e�l�e�c�t�r�o�n� �s�p�i�n� �S� �s�i�n�c�e� �t�h�e� �t�r�a�n�s�i�t�i�o�n� 

�m�e�t�a�l� �i�o�n�s� �h�a�v�e� �v�e�r�y� �s�h�o�r�t� �r�e�l�a�x�a�t�i�o�n� �t�i�m�e�s� �(�o�r�d�e�r� �o�f� �m�a�g�n�i�t�u�d�e� �1�0�° �� �s�)�.� �F�o�r� �t�h�e� �f�r�e�e� 

�r�a�d�i�c�a�l�s� �(�n�i�t�r�o�x�i�d�e�s�)� �e�m�p�l�o�y�e�d� �i�n� �t�h�e� �p�r�e�s�e�n�t� �w�o�r�k�,� �t�h�e� �r�e�l�a�x�a�t�i�o�n� �t�i�m�e� �i�s� �m�u�c�h� �l�o�n�g�e�r� 

�t�h�a�n� �t�h�a�t� �o�f� �t�h�e� �t�r�a�n�s�i�t�i�o�n� �m�e�t�a�l� �i�o�n�s� �(�o�r�d�e�r� �o�f� �m�a�g�n�i�t�u�d�e� �o�f� �1�0�°� �s�)�,� �t�h�e� �t�i�m�e� �d�e�p�e�n�d�e�n�c�e� 

�o�f� �t�h�e� �s�c�a�l�a�r� �c�o�u�p�l�i�n�g� �i�s� �d�i�c�t�a�t�e�d� �b�y� �t�h�e� �f�i�r�s�t� �k�i�n�d� �o�f� �r�e�l�a�x�a�t�i�o�n� �m�e�c�h�a�n�i�s�m�.� 

�F�o�r� �t�h�e� �f�i�r�s�t� �k�i�n�d� �o�f� �t�h�e� �s�c�a�l�a�r� �r�e�l�a�x�a�t�i�o�n� �m�e�c�h�a�n�i�s�m�,� �t�w�o� �m�o�d�u�l�a�t�i�o�n� �m�o�d�e�l�s� �h�a�v�e� 

�b�e�e�n� �i�n�t�r�o�d�u�c�e�d�.� �O�n�e� �i�s� �c�a�l�l�e�d� �t�h�e� �s�t�i�c�k�i�n�g� �m�o�d�e�l�,� �a�n�o�t�h�e�r� �i�s� �c�a�l�l�e�d� �t�h�e� �d�i�f�f�u�s�i�o�n� �m�o�d�e�l�.� 

�I�n� �t�h�e� �s�t�i�c�k�i�n�g� �m�o�d�e�l�,� �t�h�e�r�e� �i�s� �a� �f�i�n�i�t�e� �s�c�a�l�a�r� �i�n�t�e�r�a�c�t�i�o�n� �o�n�l�y� �w�h�e�n� �t�h�e� �n�u�c�l�e�a�r� �s�p�i�n� �a�n�d� 

�t�h�e� �u�n�p�a�i�r�e�d� �e�l�e�c�t�r�o�n� �s�p�i�n� �a�r�e�  ��s�t�u�c�k �� �t�o�g�e�t�h�e�r�,� �s�u�c�h� �a�s� �i�n� �t�h�e� �c�a�s�e� �o�f� �f�o�r�m�i�n�g� �a� �w�e�a�k� 
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�r�a�d�i�c�a�l�s� �(�n�i�t�r�o�x�i�d�e�s�)� �e�m�p�l�o�y�e�d� �i�n� �t�h�e� �p�r�e�s�e�n�t� �w�o�r�k�,� �t�h�e� �r�e�l�a�x�a�t�i�o�n� �t�i�m�e� �i�s� �m�u�c�h� �l�o�n�g�e�r� 

�t�h�a�n� �t�h�a�t� �o�f� �t�h�e� �t�r�a�n�s�i�t�i�o�n� �m�e�t�a�l� �i�o�n�s� �(�o�r�d�e�r� �o�f� �m�a�g�n�i�t�u�d�e� �o�f� �1�0�°� �s�)�,� �t�h�e� �t�i�m�e� �d�e�p�e�n�d�e�n�c�e� 

�o�f� �t�h�e� �s�c�a�l�a�r� �c�o�u�p�l�i�n�g� �i�s� �d�i�c�t�a�t�e�d� �b�y� �t�h�e� �f�i�r�s�t� �k�i�n�d� �o�f� �r�e�l�a�x�a�t�i�o�n� �m�e�c�h�a�n�i�s�m�.� 

�F�o�r� �t�h�e� �f�i�r�s�t� �k�i�n�d� �o�f� �t�h�e� �s�c�a�l�a�r� �r�e�l�a�x�a�t�i�o�n� �m�e�c�h�a�n�i�s�m�,� �t�w�o� �m�o�d�u�l�a�t�i�o�n� �m�o�d�e�l�s� 

�h�a�v�e� �b�e�e�n� �i�n�t�r�o�d�u�c�e�d�.� �O�n�e� �i�s� �c�a�l�l�e�d� �t�h�e� �s�t�i�c�k�i�n�g� �m�o�d�e�l�,� �a�n�o�t�h�e�r� �i�s� �c�a�l�l�e�d� �t�h�e� �d�i�f�f�u�s�i�o�n� 

�m�o�d�e�l�.� �I�n� �t�h�e� �s�t�i�c�k�i�n�g� �m�o�d�e�l�,� �t�h�e�r�e� �i�s� �a� �f�i�n�i�t�e� �s�c�a�l�a�r� �i�n�t�e�r�a�c�t�i�o�n� �o�n�l�y� �w�h�e�n� �t�h�e� �n�u�c�l�e�a�r� 

�s�p�i�n� �a�n�d� �t�h�e� �u�n�p�a�i�r�e�d� �e�l�e�c�t�r�o�n� �s�p�i�n� �a�r�e�  ��s�t�u�c�k �� �t�o�g�e�t�h�e�r�,� �s�u�c�h� �a�s� �i�n� �t�h�e� �c�a�s�e� �o�f� �f�o�r�m�i�n�g� �a� 

�w�e�a�k� �c�o�m�p�l�e�x� �b�e�t�w�e�e�n� �t�h�e� �s�a�m�p�l�e� �m�o�l�e�c�u�l�e� �a�n�d� �t�h�e� �f�r�e�e� �r�a�d�i�c�a�l�.� �W�h�e�n� �t�h�e� �c�o�m�p�l�e�x� 

�f�a�l�l�s� �a�p�a�r�t�,� �t�h�e� �h�y�p�e�r�f�i�n�e� �c�o�u�p�l�i�n�g� �c�o�n�s�t�a�n�t� �b�e�c�o�m�e�s� �z�e�r�o�,� �n�o� �s�c�a�l�a�r� �i�n�t�e�r�a�c�t�i�o�n� �w�i�l�l� 

�o�c�c�u�r�.� �T�h�e� �s�t�i�c�k�i�n�g� �t�i�m�e� �i�s� �a� �r�a�n�d�o�m� �v�a�r�i�a�b�l�e�.� �T�h�i�s� �m�o�d�e�l� �l�e�a�d�s� �t�o� �a� �s�c�a�l�a�r� �s�p�e�c�t�r�a�l� 

�d�e�n�s�i�t�y� �f�u�n�c�t�i�o�n� �g�i�v�e�n� �b�y ��?� 
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�w�h�e�r�e� �7� �i�s� �t�h�e� �s�c�a�l�a�r� �c�o�r�r�e�l�a�t�i�o�n� �t�i�m�e�,� �a�n�d� �i�t� �i�s� �a�s�s�u�m�e�d� �t�h�a�t� �@�,�>�>�q�@�,� �T�h�e� �s�c�a�l�a�r� 

�t�r�a�n�s�i�t�i�o�n� �p�r�o�b�a�b�i�l�i�t�y� �i�s� �g�i�v�e�n� �b�y� 

�2� �n�N� �t�y� �M�o�l�e� �F�2�6�0�)� �l� �D� �Z� 
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�I�n� �t�h�e� �d�i�f�f�u�s�i�o�n� �m�o�d�e�l�,� �t�h�e� �s�c�a�l�a�r� �i�n�t�e�r�a�c�t�i�o�n� �i�s� �a�s�s�u�m�e�d� �t�o� �b�e� �a� �f�u�n�c�t�i�o�n� �o�f� �t�h�e� 

�i�n�t�e�r�s�p�i�n� �d�i�s�t�a�n�c�e� �r� �o�f� �/� �a�n�d� �S�.� �T�h�e� �t�i�m�e� �d�e�p�e�n�d�e�n�c�e� �o�f� �t�h�e� �i�n�t�e�r�a�c�t�i�o�n� �i�s� �d�u�e� �t�o� �t�h�e� 

�v�a�n�a�t�i�o�n� �o�f� �r� �w�i�t�h� �t�i�m�e�.� �S�i�n�c�e� �t�h�e� �s�c�a�l�a�r� �i�n�t�e�r�a�c�t�i�o�n� �m�a�y� �i�n�v�o�l�v�e� �t�h�e� �o�v�e�r�l�a�p� �o�f� �t�h�e� 

�a�t�o�m�i�c� �o�r�b�i�t�a�l�s� �b�e�t�w�e�e�n� �t�h�e� �f�r�e�e� �r�a�d�i�c�a�l� �a�n�d� �t�h�e� �s�a�m�p�l�e� �m�o�l�e�c�u�l�e�s�,� �t�h�e� �i�n�t�e�r�s�p�i�n� �d�i�s�t�a�n�c�e� 

�c�a�n� �b�e� �v�e�r�y� �s�h�o�r�t�.� �T�h�e� �h�y�p�e�r�f�i�n�e� �c�o�u�p�l�i�n�g� �c�o�n�s�t�a�n�t� �w�a�s� �a�s�s�u�m�e�d� �t�o� �b�e� �a� �s�t�e�e�p� �f�u�n�c�t�i�o�n� �o�f� 

�t�h�e� �i�n�t�e�r�s�p�i�n� �d�i�s�t�a�n�c�e� �i�n� �t�h�e� �f�o�l�l�o�w�i�n�g� �f�o�r�m� 

�A�=� �A�f� �e�x�p�{�-�A�(�r�.� �-�d�)�}�,� �(�2�.�6�1�)� 
�f�o� 

�{�s� 

�w�h�e�r�e� �d� �i�s� �t�h�e� �d�i�s�t�a�n�c�e� �o�f� �t�h�e� �c�l�o�s�e�s�t� �a�p�p�r�o�a�c�h� �b�e�t�w�e�e�n� �S� �a�n�d� �/�,� �r�,� �i�s� �t�h�e� �i�n�t�e�r�s�p�i�n� 

�d�i�s�t�a�n�c�e� �b�e�t�w�e�e�n� �S� �a�n�d� �/�,� �A� �a�n�d� �A� �a�r�e� �c�o�n�s�t�a�n�t�s�.� 

�T�h�e� �s�c�a�l�a�r� �t�r�a�n�s�i�t�i�o�n� �p�r�o�b�a�b�i�l�i�t�y� �f�o�r� �t�h�e� �d�i�f�f�u�s�i�o�n� �m�o�d�e�l� �i�s� �g�i�v�e�n� �b�y� 

�s�e� �.� � �N� �T�A�d�?� 
�,� �o�n� �P�r�t� �e�s�r�.�)� �[�s�i�n�l�o�r�.�)�*� �c�o�s�t�o�.� �)�"�]�}�.� �(�2�.�6�2�)� 

�w�h�e�r�e� �@� �=� �@�,� �+� �@�,�,� �T�s� �i�S� �t�h�e� �s�c�a�l�a�r� �c�o�r�r�e�l�a�t�i�o�n� �t�i�m�e�,� �t�h�e� �o�t�h�e�r� �p�a�r�a�m�e�t�e�r�s� �a�r�e� �t�h�e� �s�a�m�e� �a�s� 

�b�e�f�o�r�e�.� 

�F�o�r� �s�o�m�e� �n�u�c�l�e�i�,� �s�u�c�h� �a�s�  ��°�C� �a�n�d� �*�'�P�,� �t�h�e� �i�n�t�e�r�a�c�t�i�o�n� �w�i�t�h� �t�h�e� �f�r�e�e� �r�a�d�i�c�a�l� �i�s� 

�m�o�d�u�l�a�t�e�d� �b�y� �a� �m�i�x�t�u�r�e� �o�f� �s�c�a�l�a�r� �a�n�d� �d�i�p�o�l�a�r� �c�o�u�p�l�i�n�g�.� �T�h�e� �d�i�p�o�l�a�r� �c�o�u�p�l�i�n�g� �i�s� �u�s�u�a�l�l�y� 

�m�o�d�u�l�a�t�e�d� �b�y� �a� �m�i�x�t�u�r�e� �o�f� �t�r�a�n�s�l�a�t�i�o�n�a�l� �a�n�d� �r�o�t�a�t�i�o�n�a�l� �d�i�f�f�u�s�i�o�n�.� �T�h�e� �c�o�u�p�l�i�n�g� �f�a�c�t�o�r� �f�o�r� 

�t�h�e�s�e� �n�u�c�l�e�i� �s�h�o�u�l�d� �t�a�k�e� �i�n�t�o� �a�c�c�o�u�n�t� �b�o�t�h� �t�h�e� �n�u�c�l�e�a�r�-�e�l�e�c�t�r�o�n� �i�n�t�e�r�a�c�t�i�o�n�s� �a�n�d� �t�h�e� 
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�I�n� �o�r�d�e�r� �t�o� �s�i�m�p�l�i�f�y� �t�h�e� �e�x�p�r�e�s�s�i�o�n� �o�f� �p�,� �t�h�e� �s�p�e�c�t�r�a�l� �d�e�n�s�i�t�y� �f�u�n�c�t�i�o�n� �f�o�r� �s�c�a�l�a�r� 

�c�o�u�p�l�i�n�g� �i�s� �d�e�f�i�n�e�d� �a�s� 

�J�g�.�(�@�)� �=� �S�e�e� �l�a� �(�w�)�,� �(�2�.�6�5�)� 

�F�u�r�t�h�e�r�,� �t�h�e� �r�e�d�u�c�e�d� �s�c�a�l�a�r� �i�n�t�e�n�s�i�t�y� �f�u�n�c�t�i�o�n� �i�s� �d�e�f�i�n�e�d� �a�s� 

�)� �=� �J�,�,�(�@�,�T�,�,� �)� �(�2�.�6�6�)� 
�f�i�.� �O�s� �T�s� �<� �0�)� 

�T�h�e� �c�o�u�p�l�i�n�g� �f�a�c�t�o�r� �i�s� �o�b�t�a�i�n�e�d� �a�s ��!� 

�0�5� �f�l�a�p�s�)� �+� �R�L� �(�0�,�2�)� �-� �K�a�l� �o�4�r�)�|� 
� � �p�=� �(�2�.�6�7�)� 

�-�0�.�7�F�(�0�,�7�,�)�+�0�.�3�f� �(�0�,�7�)� �+� �R ��{�0�.�7�f�,�(�a�,�¢�,�)�+�0�.�3�f�(�0�,�1�,�)�+�0�.�5�K�F�,�(�0�,�7�,�)�}� 

�w�h�e�r�e� �K� �m�e�a�s�u�r�e�s� �t�h�e� �i�m�p�o�r�t�a�n�c�e� �o�f� �t�h�e� �s�c�a�l�a�r� �i�n�t�e�r�a�c�t�i�o�n� �r�e�l�a�t�i�v�e� �t�o� �t�h�e� �d�i�p�o�l�a�r� 

�i�n�t�e�r�a�c�t�i�o�n�,� �b�o�t�h� �a�t� �z�e�r�o� �f�r�e�q�u�e�n�c�y�.� �K� �i�s� �d�e�f�i�n�e�d� �a�s� 
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�2� �J�,�(�0�)� �K�=� 
�1�5� �C�.�J�,� �(�0�) �� 

� � 

�(�2�.�6�8�)� 

�E�q�.�2�.�6�7� �c�a�n� �b�e� �u�s�e�d� �f�o�r� �i�n�t�e�r�p�r�e�t�i�n�g� �t�h�e� �D�N�P� �r�e�s�u�l�t�s� �f�o�r� �'�°�C� �a�n�d� �*�'�P� �a�t�o�m�s�.� �U�n�d�e�r� 

�c�e�r�t�a�i�n� �a�s�s�u�m�p�t�i�o�n�s� �t�h�e� �q�u�a�n�t�i�t�y� �K� �a�n�d� �t�h�e� �r�e�d�u�c�e�d� �i�n�t�e�n�s�i�t�y� �s�p�e�c�t�r�u�m� �f�,�(�«�,�7�,�,�)� �c�a�n� �b�e� 

�o�b�t�a�i�n�e�d� �f�r�o�m� �t�h�e� �m�e�a�s�u�r�e�m�e�n�t�s�.� �B�y� �f�i�t�t�i�n�g� �t�h�e�s�e� �d�a�t�a� �i�n�t�o� �E�q�.�2�.�6�7�,� �i�n�f�o�r�m�a�t�i�o�n� 

�c�o�n�c�e�r�n�i�n�g� �c�o�m�p�l�e�x�a�t�i�o�n� �t�e�n�d�e�n�c�i�e�s� �a�n�d� �c�o�l�l�i�s�i�o�n� �t�i�m�e�s� �c�a�n� �b�e� �o�b�t�a�i�n�e�d�.� 

�2�.�4� �N�M�R� �C�o�n�t�a�c�t� �S�h�i�f�t� 

�I�t� �h�a�s� �b�e�e�n� �r�e�c�o�g�n�i�z�e�d� �f�o�r� �m�a�n�y� �y�e�a�r�s� �t�h�a�t� �w�h�e�n� �a� �r�e�l�a�x�a�t�i�o�n� �a�g�e�n�t� �s�u�c�h� �a�s� �a� �f�r�e�e� 

�r�a�d�i�c�a�l� �i�s� �p�r�e�s�e�n�t� �i�n� �a� �N�M�R� �s�a�m�p�l�e� �s�o�l�u�t�i�o�n�,� �t�h�e� �N�M�R� �c�h�e�m�i�c�a�l� �s�h�i�f�t�s� �o�f� �t�h�e� �s�a�m�p�l�e� 

�n�u�c�l�e�i� �c�h�a�n�g�e� �e�i�t�h�e�r� �u�p�f�i�e�l�d� �o�r� �d�o�w�n�f�i�e�l�d� �r�e�l�a�t�i�v�e� �t�o� �t�h�a�t� �o�f� �t�h�e� �s�a�m�p�l�e� �s�o�l�u�t�i�o�n� �w�i�t�h�o�u�t� 

�t�h�e� �f�r�e�e� �r�a�d�i�c�a�l�.� �S�i�n�c�e� �t�h�i�s� �c�h�a�n�g�e� �i�n� �c�h�e�m�i�c�a�l� �s�h�i�f�t� �i�s� �d�u�e� �t�o� �t�h�e� �i�n�t�e�r�a�c�t�i�o�n� �b�e�t�w�e�e�n� �t�h�e� 

�u�n�p�a�i�r�e�d� �e�l�e�c�t�r�o�n� �a�n�d� �t�h�e� �n�u�c�l�e�u�s�,� �i�t� �i�s� �c�a�l�l�e�d� �t�h�e� �N�M�R� �c�o�n�t�a�c�t� �s�h�i�f�t�. ��*� �I�n� �g�e�n�e�r�a�l�,� �t�h�e� 

�c�o�n�t�a�c�t� �s�h�i�f�t� �i�s� �t�h�e� �r�e�s�u�l�t� �o�f� �t�w�o� �k�i�n�d�s� �o�f� �i�n�t�e�r�m�o�l�e�c�u�l�a�r� �i�n�t�e�r�a�c�t�i�o�n�s� �b�e�t�w�e�e�n� �t�h�e� �u�n�p�a�i�r�e�d� 

�e�l�e�c�t�r�o�n� �a�n�d� �t�h�e� �n�u�c�l�e�u�s�.� �O�n�e� �i�s� �t�h�e� �F�e�r�m�i� �c�o�n�t�a�c�t� �i�n�t�e�r�a�c�t�i�o�n� �w�h�i�c�h� �i�n�v�o�l�v�e�s� �a�n� �e�x�c�e�s�s� �o�f� 

�e�l�e�c�t�r�o�n� �s�p�i�n� �d�e�n�s�i�t�y� �i�n�d�u�c�e�d� �b�y� �t�h�e� �u�n�p�a�i�r�e�d� �e�l�e�c�t�r�o�n� �a�t� �t�h�e� �n�u�c�l�e�u�s�.� �I�f� �t�h�e� �e�x�c�e�s�s� 

�e�l�e�c�t�r�o�n� �i�s� �i�n� �a� �s�p�i�n� �s�t�a�t�e� �o�f� �S�7�z�=�1�/�2�,� �t�h�e� �s�p�i�n� �d�e�n�s�i�t�y� �i�s� �d�e�f�i�n�e�d� �a�s� �n�e�g�a�t�i�v�e� �a�n�d� �i�s� 

�d�e�s�i�g�n�a�t�e�d� �b�y� �.� �S�i�n�c�e� �t�h�e� �s�p�i�n� �s�t�a�t�e� �o�f� �S�z�=�1�/�2� �i�s� �a�n�t�i�-�p�a�r�a�l�l�e�l� �t�o� �t�h�e� �a�p�p�l�i�e�d� �m�a�g�n�e�t�i�c� 

�f�i�e�l�d�,� �a�n� �u�p�f�i�e�l�d� �c�o�n�t�a�c�t� �s�h�i�f�t� �w�i�l�l� �b�e� �i�n�d�u�c�e�d� �f�o�r� �t�h�e� �n�u�c�l�e�u�s�.� �I�f� �t�h�e� �e�x�c�e�s�s� �e�l�e�c�t�r�o�n� �s�p�i�n� �i�s� 
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�i�n� �a� �s�t�a�t�e� �o�f� �S�z�=�-�1�/�2� �(�i�.�e�.�,� �p�o�s�i�t�i�v�e� �s�p�i�n� �d�e�n�s�i�t�y� �T�)�,� �a� �d�o�w�n�f�i�e�l�d� �s�h�i�f�t� �w�i�l�l� �b�e� �o�b�s�e�r�v�e�d� �f�o�r� 

�t�h�e� �n�u�c�l�e�u�s� �o�f� �i�n�t�e�r�e�s�t�.� �A�n�o�t�h�e�r� �s�o�u�r�c�e� �o�f� �c�o�n�t�r�i�b�u�t�i�o�n� �t�o� �t�h�e� �N�M�R� �c�o�n�t�a�c�t� �s�h�i�f�t� �i�s� �t�h�e� 

�d�i�p�o�l�a�r� �o�r� �p�s�e�u�d�o�c�o�n�t�a�c�t� �i�n�t�e�r�a�c�t�i�o�n� �w�h�i�c�h� �a�c�t�s� �t�h�r�o�u�g�h� �s�p�a�c�e�.�°�®� �T�h�e� �d�i�p�o�l�a�r� �i�n�t�e�r�a�c�t�i�o�n� �i�s� 

�i�n�v�e�r�s�e�l�y� �p�r�o�p�o�r�t�i�o�n�a�l� �t�o� �t�h�e� �t�h�i�r�d� �p�o�w�e�r� �o�f� �t�h�e� �i�n�t�e�r�s�p�i�n� �d�i�s�t�a�n�c�e�,� �1�.�e�.�,� �r�e�r� �a�n�d� �i�s� �o�n�l�y� 

�e�f�f�e�c�t�i�v�e� �w�h�e�n� �t�h�e� �l�o�c�a�l� �m�a�g�n�e�t�i�c� �f�i�e�l�d� �p�r�o�d�u�c�e�d� �b�y� �t�h�e� �u�n�p�a�i�r�e�d� �e�l�e�c�t�r�o�n� �a�t� �t�h�e� �n�u�c�l�e�u�s� 

�d�o�e�s� �n�o�t� �a�v�e�r�a�g�e� �t�o� �z�e�r�o�.� �T�h�e� �F�e�r�m�i� �c�o�n�t�a�c�t� �i�n�t�e�r�a�c�t�i�o�n� �a�r�i�s�e�s� �f�r�o�m� �t�h�e� �c�l�o�s�e� �c�o�n�t�a�c�t� 

�b�e�t�w�e�e�n� �t�h�e� �t�w�o� �s�p�i�n�s�,� �s�u�c�h� �a�s� �t�h�e� �f�o�r�m�a�t�i�o�n� �o�f� �a� �h�y�d�r�o�g�e�n� �b�o�n�d� �(�o�-�t�y�p�e� �i�n�t�e�r�a�c�t�i�o�n�)�,� �o�r� �a� 

�d�i�r�e�c�t� �o�v�e�r�l�a�p� �o�f� �t�h�e� �m�o�l�e�c�u�l�a�r� �o�r�b�i�t�a�l�s� �(�1�-�t�y�p�e� �i�n�t�e�r�a�c�t�i�o�n�)�.� �I�n� �s�o�l�u�t�i�o�n�s�,� �i�f� �t�h�e� �f�r�e�e� 

�r�a�d�i�c�a�l� �u�s�e�d� �i�s� �o�n�e� �o�f� �t�h�e� �n�i�t�r�o�x�i�d�e�s�,� �t�h�e� �d�i�p�o�l�a�r� �i�n�t�e�r�a�c�t�i�o�n� �b�e�t�w�e�e�n� �t�h�e� �t�w�o� �s�p�i�n�s� �i�s� 

�a�v�e�r�a�g�e�d� �t�o� �z�e�r�o� �d�u�e� �t�o� �t�h�e� �r�a�p�i�d� �t�u�m�b�l�i�n�g� �o�f� �t�h�e� �s�p�i�n�s�.� �T�h�e� �o�n�l�y� �s�i�g�n�i�f�i�c�a�n�t� �c�o�n�t�r�i�b�u�t�i�o�n� 

�t�o� �t�h�e� �c�o�n�t�a�c�t� �s�h�i�f�t� �c�o�m�e�s� �f�r�o�m� �t�h�e� �F�e�r�m�i� �c�o�n�t�a�c�t� �i�n�t�e�r�a�c�t�i�o�n�.� �F�o�r� �n�i�t�r�o�x�i�d�e� �f�r�e�e� �r�a�d�i�c�a�l�s� 

�w�i�t�h� �S� �=� �1�/�2�,� �t�h�e� �c�o�n�t�a�c�t� �s�h�i�f�t� �A�d�,� �i�s� �g�i�v�e�n� �b�y� 

�v�s� �1� �S�a�r� �(�2�.�6�9�)� 
�f� 

�w�h�e�r�e� �A�s�;� �i�s� �t�h�e� �c�o�u�p�l�i�n�g� �c�o�n�s�t�a�n�t�,� �&� �i�s� �t�h�e� �B�o�l�t�z�m�a�n�n� �c�o�n�s�t�a�n�t�,� �a�n�d� �T� �i�s� �t�h�e� �a�b�s�o�l�u�t�e� 

�t�e�m�p�e�r�a�t�u�r�e�.� �I�n� �t�h�e� �c�a�l�c�u�l�a�t�i�o�n� �o�f� �A�d�;�,� �c�y�c�l�o�h�e�x�a�n�e� �i�s� �u�s�u�a�l�l�y� �u�s�e�d� �a�s� �a�n� �i�n�t�e�r�n�a�l� 

�r�e�f�e�r�e�n�c�e�.� 
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�C�H�A�P�T�E�R� �3�:� �E�X�P�E�R�I�M�E�N�T�A�L� �S�E�C�T�I�O�N� 

�3�.�1� �I�n�s�t�r�u�m�e�n�t�a�t�i�o�n� 

�3�.�1�.�1� �T�h�e� �F�l�o�w� �T�r�a�n�s�f�e�r� �D�N�P� �I�n�s�t�r�u�m�e�n�t� 

�S�i�n�c�e� �i�t�s� �f�i�r�s�t� �i�n�v�e�n�t�i�o�n�,� �t�h�e� �f�l�o�w� �t�r�a�n�s�f�e�r� �D�N�P� �e�x�p�e�r�i�m�e�n�t�a�l� �s�y�s�t�e�m� �h�a�s� �b�e�e�n� 

�i�m�p�r�o�v�e�d� �a�n�d� �u�t�i�l�i�z�e�d� �b�o�t�h� �f�o�r� �t�h�e� �l�i�q�u�i�d� �p�h�a�s�e� �a�n�d� �f�o�r� �t�h�e� �s�o�l�i�d�-�l�i�q�u�i�d� �i�n�t�e�r�f�a�c�e� �D�N�P� 

�s�t�u�d�i�e�s� �o�f� �v�a�r�i�o�u�s� �n�u�c�l�e�i�,� �s�u�c�h� �a�s� �i�H�,� �B�C�,� �I�S�N�]� �a�n�d� �7�9�S�i�.�2�2�°�9�6�!� 

�T�h�e� �D�N�P� �i�n�s�t�r�u�m�e�n�t� �u�s�e�d� �i�n� �t�h�i�s� �w�o�r�k�,� �w�h�i�c�h� �c�o�n�s�i�s�t�s� �o�f� �s�e�v�e�r�a�l� �p�a�r�t�s�,� �i�s� �s�h�o�w�n� 

�i�n� �F�i�g�u�r�e� �3�.�1�.� �A�s� �c�a�n� �b�e� �s�e�e�n� �i�n� �t�h�i�s� �f�i�g�u�r�e�,� �t�h�e�r�e� �a�r�e� �t�w�o� �m�a�g�n�e�t�i�c� �f�i�e�l�d�s�,� �o�n�e� �i�s� �a�t� �t�h�e� 

�l�o�w�e�r� �p�a�r�t� �o�f� �t�h�e� �e�x�p�e�r�i�m�e�n�t�a�l� �s�e�t�-�u�p�,� �w�h�i�c�h� �i�s� �a� �v�a�r�i�a�b�l�e� �e�l�e�c�t�r�o�m�a�g�n�e�t�,� �s�e�r�v�i�n�g� �a�s� �a� �l�o�w� 

�f�i�e�l�d� �i�n� �t�h�e� �e�x�p�e�r�i�m�e�n�t� �w�i�t�h� �a� �r�a�n�g�e� �o�f� �0� �t�o� �0�.�6� �T�.� �A�b�o�v�e� �t�h�e� �l�o�w� �f�i�e�l�d� �i�s� �a� �4�.�7� �T� 

�s�u�p�e�r�c�o�n�d�u�c�t�i�n�g� �h�i�g�h� �m�a�g�n�e�t�i�c� �f�i�e�l�d�.� �T�h�e� �t�w�o� �f�i�e�l�d�s� �a�r�e� �1�.�2� �m�e�t�e�r� �a�p�a�r�t� �a�n�d� �a�r�e� 

�o�r�t�h�o�g�o�n�a�l�.� �A�t� �t�h�e� �s�e�p�a�r�a�t�i�n�g� �d�i�s�t�a�n�c�e� �(�1�.�2� �m�)�,� �t�h�e� �i�n�f�l�u�e�n�c�e� �o�f� �t�h�e� �l�o�w� �f�i�e�l�d� �o�n� �t�h�e� 

�h�o�m�o�g�e�n�e�i�t�y� �o�f� �t�h�e� �h�i�g�h� �f�i�e�l�d� �i�s� �s�m�a�l�l�.� �I�n� �t�h�e� �l�o�w� �m�a�g�n�e�t�i�c� �f�i�e�l�d�,� �t�h�e�r�e� �i�s� �a� �m�i�c�r�o�w�a�v�e� 

�T�E�j�9�2� �c�a�v�i�t�y� �a�r�r�a�n�g�e�d� �i�n� �s�u�c�h� �a� �w�a�y� �t�h�a�t� �t�h�e� �m�i�c�r�o�w�a�v�e� �f�i�e�l�d� �i�s� �p�e�r�p�e�n�d�i�c�u�l�a�r� �t�o� �t�h�e� �l�o�w� 

�m�a�g�n�e�t�i�c� �f�i�e�l�d�.� �I�n�s�i�d�e� �t�h�e� �c�a�v�i�t�y� �i�s� �t�h�e� �s�a�m�p�l�e� �c�e�l�l�.� �T�h�e� �m�i�c�r�o�w�a�v�e� �p�o�w�e�r� �f�o�r� �s�a�t�u�r�a�t�i�n�g� 

�t�h�e� �u�n�p�a�i�r�e�d� �e�l�e�c�t�r�o�n� �t�r�a�n�s�i�t�i�o�n� �o�f� �t�h�e� �f�r�e�e� �r�a�d�i�c�a�l� �i�s� �p�r�o�v�i�d�e�d� �b�y� �t�h�e� �K�l�y�s�t�r�o�n� �o�f� �a�n� �E�P�R� 

�s�p�e�c�t�r�o�m�e�t�e�r� �a�n�d� �i�s� �a�m�p�l�i�f�i�e�d� �t�o� �2� �t�o� �2�0� �W� �u�s�i�n�g� �a� �V�a�r�i�a�n�  ��K �� �s�e�r�i�e�s� �T�W�T� �a�m�p�l�i�f�i�e�r�.� �T�h�e� 

�r�e�s�o�n�a�n�c�e� �f�r�e�q�u�e�n�c�y� �o�f� �t�h�e� �u�n�p�a�i�r�e�d� �e�l�e�c�t�r�o�n�s� �i�s� �a�r�o�u�n�d� �9�.�3�0� �G�H�z� �a�n�d� �i�s� �c�h�a�n�g�e�a�b�l�e� �f�o�r� 
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�F�i�g�u�r�e� �3�.�1�.� �L�o�w� �t�o� �H�i�g�h� �M�a�g�n�e�t�i�c� �F�i�e�l�d� �F�l�o�w� �T�r�a�n�s�f�e�r� �D�N�P� �E�x�p�e�r�i�m�e�n�t�a�l� 
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�d�i�f�f�e�r�e�n�t� �s�a�m�p�l�e�s�.� �I�n� �t�h�i�s� �w�o�r�k�,� �t�h�e� �l�o�w� �m�a�g�n�e�t�i�c� �f�i�e�l�d� �s�t�r�e�n�g�t�h� �w�a�s� �c�o�n�t�r�o�l�l�e�d� �a�t� �0�.�3�3� �T�.� 

�T�h�e� �h�i�g�h� �m�a�g�n�e�t�i�c� �f�i�e�l�d� �c�o�n�s�i�s�t�s� �o�f� �t�w�o� �d�e�t�e�c�t�i�n�g� �c�h�a�n�n�e�l�s�,� �o�n�e� �i�s� �t�h�e� �p�r�o�t�o�n� �c�h�a�n�n�e�l� 

�w�i�t�h� �t�h�e� �r�e�s�o�n�a�n�c�e� �f�r�e�q�u�e�n�c�y� �o�f� �1�9�9�.�5� �M�H�z�,� �a�n�d� �t�h�e� �b�r�o�a�d� �b�a�n�d� �'�H� �d�e�c�o�u�p�l�i�n�g� �w�a�s� 

�p�r�o�v�i�d�e�d� �b�y� �t�h�i�s� �c�h�a�n�n�e�l�.� �T�h�e� �o�t�h�e�r� �o�n�e� �i�s� �t�h�e� �'�°�C� �c�h�a�n�n�e�l�,� �w�h�i�c�h� �h�a�s� �a� �r�e�s�o�n�a�n�c�e� 

�f�r�e�q�u�e�n�c�y� �o�f� �5�0�.�2� �M�H�z�,� �a�n�d� �i�s� �u�s�e�d� �f�o�r� �t�h�e� �s�a�m�p�l�i�n�g� �p�u�r�p�o�s�e�.� �T�h�e� �N�M�R� �p�r�o�b�e� �i�n�s�i�d�e� �t�h�e� 

�h�i�g�h� �f�i�e�l�d� �w�a�s� �s�e�l�f�-�m�a�d�e� �u�s�i�n�g� �t�h�e� �t�u�n�i�n�g� �a�n�d� �m�a�t�c�h�i�n�g� �c�a�p�a�c�i�t�o�r�s� �a�n�d� �t�h�e� �H�e�l�m�h�o�l�t�z� 

�c�o�i�l�s�.� �T�h�e� �s�p�e�c�t�r�u�m� �r�e�s�o�l�u�t�i�o�n� �f�o�r� �t�h�e� �s�t�a�t�i�c� �'�H� �N�M�R� �w�a�s� �a�b�o�u�t� �5� �H�z� �(�~� �0�.�0�2�5� �p�p�m�)�.� 

�I�n�s�i�d�e� �t�h�e� �H�e�l�m�h�o�l�t�z� �c�o�i�l� �i�s� �a� �h�o�m�e�m�a�d�e� �s�a�m�p�l�e� �c�e�l�l�.� �T�h�e� �t�w�o� �s�a�m�p�l�e� �c�e�l�l�s� �i�n� �t�h�e� �l�o�w� 

�a�n�d� �h�i�g�h� �m�a�g�n�e�t�i�c� �f�i�e�l�d�s� �w�e�r�e� �c�o�n�n�e�c�t�e�d� �b�y� �P�E�E�K� �(�p�o�l�y�e�t�h�e�r�e�t�h�e�r�k�e�t�o�n�e�,� �f�r�o�m� �U�p�c�h�u�r�c�h� 

�S�c�i�e�n�t�i�f�i�c�)� �t�u�b�i�n�g� �w�i�t�h� �a� �0�.�0�0�7 �� �O�D�.� �A� �H�P�L�C� �p�u�m�p� �w�a�s� �u�s�e�d� �t�o� �c�y�c�l�e� �t�h�e� �s�a�m�p�l�e� 

�s�o�l�u�t�i�o�n� �t�h�r�o�u�g�h� �t�h�e� �t�w�o� �f�i�e�l�d�s� �a�t� �t�h�e� �f�l�o�w� �r�a�t�e� �o�f� �1�.�0�0� �m�L�/�m�i�n� �t�o� �9�.�0�0� �m�L�/�m�i�n�.� �A�l�l� �t�h�e� 

�D�N�P� �e�x�p�e�r�i�m�e�n�t�s� �w�e�r�e� �p�e�r�f�o�r�m�e�d� �a�t� �r�o�o�m� �t�e�m�p�e�r�a�t�u�r�e� �a�n�d� �u�n�d�e�r� �n�o�n�-�s�p�i�n�n�i�n�g�,� �n�o�n�-� 

�l�o�c�k�i�n�g� �c�o�n�d�i�t�i�o�n�s�.� 

�3�.�1�.�2� �S�a�m�p�l�e� �C�e�l�l�s� �f�o�r� �t�h�e� �E�P�R� �C�a�v�i�t�y� �a�n�d� �t�h�e� �N�M�R� �P�r�o�b�e� 

�T�h�e� �s�a�m�p�l�e� �c�e�l�l� �u�s�e�d� �f�o�r� �t�h�e� �n�o�n�-�a�q�u�e�o�u�s� �s�o�l�u�t�i�o�n� �i�n� �t�h�e� �l�o�w� �f�i�e�l�d� �i�s� �a� �c�e�r�a�m�i�c� 

�c�e�l�l� �b�o�u�g�h�t� �f�r�o�m� �O�m�e�g�a� �E�n�g�i�n�e�e�r�i�n�g�,� �I�n�c�.�.� �T�h�i�s� �k�i�n�d� �o�f� �c�e�l�l� �h�a�s� �a� �l�o�w� �d�i�e�l�e�c�t�r�i�c� �c�o�n�s�t�a�n�t�,� 

�w�h�i�c�h� �m�e�a�n�s� �t�h�a�t� �t�h�e� �c�e�l�l� �c�a�n� �b�e� �e�a�s�i�l�y� �t�u�n�e�d� �i�n� �t�h�e� �m�i�c�r�o�w�a�v�e� �f�i�e�l�d�,� �a�n�d� �h�i�g�h� �m�e�c�h�a�n�i�c�a�l� 

�s�t�r�e�n�g�t�h�,� �w�h�i�c�h� �i�s� �s�u�i�t�a�b�l�e� �f�o�r� �t�h�e� �h�i�g�h� �b�a�c�k� �p�r�e�s�s�u�r�e�s� �a�r�i�s�i�n�g� �f�r�o�m� �t�h�e� �h�i�g�h� �f�l�o�w� �r�a�t�e�s� �a�n�d� 
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�f�r�o�m� �t�h�e� �t�h�i�n� �P�E�E�K� �t�u�b�i�n�g�.� �T�h�e� �v�o�l�u�m�e� �o�f� �t�h�e� �c�e�l�l� �i�s� �a�b�o�u�t� �1�6�0� �w�L�.� �T�h�e� �f�l�o�w� �c�e�l�l� �i�n� �t�h�e� 

�N�M�R� �p�r�o�b�e� �i�s� �a� �s�e�l�f�-�m�a�d�e� �g�l�a�s�s� �c�e�l�l� �w�i�t�h� �a� �v�o�l�u�m�e� �o�f� �1�0�0� �w�L� �a�n�d� �a� �s�i�z�e� �o�f� �a�b�o�u�t� �2�.�5� �c�m� 

�l�o�n�g� �w�h�i�c�h� �i�s� �a� �l�i�t�t�l�e� �b�i�t� �l�o�n�g�e�r� �t�h�a�n� �t�h�e� �c�o�i�l� �o�f� �t�h�e� �p�r�o�b�e�.� �T�h�e� �s�t�r�u�c�t�u�r�e� �a�n�d� �t�h�e� 

�d�i�m�e�n�s�i�o�n�s� �o�f� �t�h�e�s�e� �c�e�l�l�s� �a�r�e� �s�h�o�w�n� �i�n� �F�i�g�u�r�e� �3�.�2�.� 

�3�.�2� �M�a�t�e�r�i�a�l�s� 

�T�h�e� �s�t�a�b�l�e� �f�r�e�e� �r�a�d�i�c�a�l� �T�E�M�P�O� �(�2�,�2�,�6�,�6�-�t�e�t�r�a�m�e�t�h�y�l�-�1�-�p�i�p�e�r�i�d�i�n�y�l�o�x�y�,� �9�8�%� �)� �w�a�s� 

�p�u�r�c�h�a�s�e�d� �f�r�o�m� �A�l�d�r�i�c�h� �a�n�d� �w�a�s� �u�s�e�d� �a�s� �r�e�c�e�i�v�e�d�.� �T�h�e� �r�e�a�g�e�n�t�s� �a�n�d� �s�o�l�v�e�n�t�s� �w�e�r�e� 

�o�b�t�a�i�n�e�d� �c�o�m�m�e�r�c�i�a�l�l�y�.� �T�h�e� �f�o�l�l�o�w�i�n�g� �o�r�g�a�n�i�c� �s�o�l�u�t�i�o�n�s� �f�o�r� �D�N�P� �e�x�p�e�r�i�m�e�n�t�s� �w�e�r�e� 

�p�r�e�p�a�r�e�d� �w�i�t�h� �0�.�1� �M� �T�E�M�P�O� �i�n� �e�a�c�h� �s�o�l�u�t�i�o�n� �u�n�l�e�s�s� �s�p�e�c�i�f�i�e�d�:� �a�c�e�t�o�n�e�/�c�a�r�b�o�n� 

�t�e�t�r�a�c�h�l�o�r�i�d�e�/�c�y�c�l�o�h�e�x�a�n�e� �(�2�0�/�7�0�/�1�0�,� �v�/�v�%�)�;� �a�c�e�t�a�l�d�e�h�y�d�e�/�b�e�n�z�e�n�e� �(�2�0�/�8�0�,� �v�/�v�%�)�;� 

�c�y�c�l�o�p�e�n�t�a�n�o�n�e�/�c�a�r�b�o�n� �_�_� �t�e�t�r�a�c�h�l�o�r�i�d�e�/�c�y�c�l�o�h�e�x�a�n�e� �(�2�0�/�7�0�/�1�0�,� �v�/�v�%�)�;�  �� �d�i�e�t�h�y�l� 

�m�a�l�o�n�a�t�e�/�b�e�n�z�e�n�e�/�c�y�c�l�o�h�e�x�a�n�e� �(�2�0�/�7�0�/�1�0�,� �v�/�v�%�)�;� �e�t�h�y�l� �a�c�e�t�o�a�c�e�t�a�t�e�/�b�e�n�z�e�n�e�/�c�y�c�l�o�h�e�x�a�n�e� 

�(�2�0�/�7�0�/�1�0�,� �v�/�v�%�)�;� �2�,� �4�-�p�e�n�t�a�n�e�d�i�o�n�e�/�b�e�n�z�e�n�e�/�c�y�c�l�o�h�e�x�a�n�e� �(�2�0�/�7�0�/�1�0�,� �v�/�v�%�)� �w�i�t�h� �0�.�5� �M� 

�T�E�M�P�O�;� �n�i�t�r�o�m�e�t�h�a�n�e�/�b�e�n�z�e�n�e� �(�2�0�/�8�0�,� �v�/�v�%�)�;� �n�i�t�r�o�b�e�n�z�e�n�e�/�c�y�c�l�o�h�e�x�a�n�e� �(�1�0�/�9�0�,� �v�/�v�%�)�;� 

�t�o�l�u�e�n�e�/�c�y�c�l�o�h�e�x�a�n�e� �(�4�0�/�6�0�,� �v�/�v�%�)�;� �d�i�p�h�e�n�y�l� �m�e�t�h�a�n�e�/�c�y�c�l�o�h�e�x�a�n�e� �(�4�0�/�6�0�,� �v�/�v�%�)�;� �1� �M� 

�t�r�i�p�h�e�n�y�l� �m�e�t�h�a�n�e� �i�n� �c�y�c�l�o�h�e�x�a�n�e�;� �0�.�5� �M� �a�d�a�m�a�n�t�a�n�e� �i�n� �b�e�n�z�e�n�e�.� �D�e�u�t�e�r�a�t�e�d� �c�h�l�o�r�o�f�o�r�m� 

�(�H�P�L�C� �g�r�a�d�e�)� �w�a�s� �p�u�r�c�h�a�s�e�d� �f�r�o�m� �A�l�d�r�i�c�h� �a�n�d� �w�a�s� �u�s�e�d� �a�s� �t�h�e� �s�o�l�v�e�n�t� �f�o�r� �T�a�x�o�l�.� �T�a�x�o�l� 

�p�o�w�d�e�r� �(�9�9�%�)� �w�a�s� �k�i�n�d�l�y� �p�r�o�v�i�d�e�d� �b�y� �D�r�.� �K�i�n�g�s�t�o�n� �a�t� �V�i�r�g�i�n�i�a� �T�e�c�h�,� �a�n�d� �w�a�s� �u�s�e�d� 
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�o�o� �1�/�4 �� �N�u�t� 
�Q� 
�f�k� �1�/�4 �� �G�r�a�p�h�i�t�e� �F�e�r�r�u�l�e� 

�|� �y�\�\� �H�e�l�m�h�o�l�t�z� �C�o�i�l� 
�R�e�g�i�o�n� �C� �\� �H� 

�,� �H�i�g�h� �F�i�e�l�d� �G�l�a�s�s� �F�l�o�w� �C�e�l�l� 
�,� 

�1�/�4 �� �O�D� �x� �1�/�1�6 �� �G�l�a�s�s� �T�u�b�i�n�g� 

�c�l� �i� �e�o� �1�/�1�6 �� �P�E�E�K� �F�e�r�r�u�l�e� 

�R�e�g�i�o�n� �B�  ��  �� �:� �1�/�1�6 �� �O�D� �x� �0�.�0�0�7 �� �I�D� �P�E�E�K� �T�u�b�i�n�g� 

�1�/�4 �� �G�r�a�p�h�i�t�e� �F�e�r�r�u�l�e� 

�1�/�8 �� �x� �1�/�1�6 �� �I�D� �C�e�r�a�m�i�c� �T�u�b�i�n�g� 

�1�/�4 �� �O�D� �x� �1�/�8 �� �I�D� �C�e�r�a�m�i�c� �T�u�b�i�n�g� 
�R�e�g�i�o�n� �A� 

�i�t� �o ��~� �M�i�c�r�o�w�a�v�e� �C�a�v�i�t�y� � � � � 
� � 

�L�o�w� �F�i�e�l�d� �C�e�r�a�m�i�c� �F�l�o�w� �C�e�l�l� 

� � 
�F�i�g�u�r�e� �3�.�2�.� �L�o�w� �a�n�d� �H�i�g�h� �F�i�e�l�d� �F�l�o�w� �C�e�l�l�s� 
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�w�i�t�h�o�u�t� �f�u�r�t�h�e�r� �p�u�r�i�f�i�c�a�t�i�o�n�.� �F�o�r� �t�h�e� �'�H� �a�n�d� �t�h�e� �°�C� �D�N�P� �e�x�p�e�r�i�m�e�n�t�s� �o�f� �T�a�x�o�l�,� �t�h�e� 

�f�o�l�l�o�w�i�n�g� �r�e�s�p�e�c�t�i�v�e� �s�a�m�p�l�e� �s�o�l�u�t�i�o�n�s� �w�e�r�e� �p�r�e�p�a�r�e�d�:� �0�.�0�2�3�0�M� �T�a�x�o�l� �i�n� �C�D�C�I�]�;� �w�i�t�h� 

�3�.�7�x�1�0�°� �M� �T�E�M�P�O�,� �0�.�0�4�5�9�M� �T�a�x�o�l� �i�n� �C�D�C�I�;� �w�i�t�h� �3�.�7� �x� �1�0�?� �M� �T�E�M�P�O�.� �A�l�l� �t�h�e� �s�a�m�p�l�e� 

�s�o�l�u�t�i�o�n�s� �w�e�r�e� �d�e�g�a�s�s�e�d� �b�y� �b�u�b�b�l�i�n�g� �N�2� �g�a�s� �t�h�r�o�u�g�h� �t�h�e� �s�o�l�u�t�i�o�n�s� �d�u�r�i�n�g� �t�h�e� �D�N�P� 

�e�x�p�e�r�i�m�e�n�t�s�.� 

�3�.�3� �M�e�t�h�o�d�s� �o�f� �t�h�e� �L�i�q�u�i�d� �P�h�a�s�e� �D�N�P� �E�x�p�e�r�i�m�e�n�t� 

�3�.�3�.�1� �G�e�n�e�r�a�l� �D�e�s�c�r�i�p�t�i�o�n� 

�D�u�r�i�n�g� �a� �l�i�q�u�i�d� �p�h�a�s�e� �f�l�o�w� �t�r�a�n�s�f�e�r� �D�N�P� �e�x�p�e�r�i�m�e�n�t�,� �t�h�e� �s�a�m�p�l�e� �s�o�l�u�t�i�o�n�,� 

�c�o�n�d�u�c�t�e�d� �b�y� �t�h�e� �P�E�E�K� �t�u�b�i�n�g� �a�n�d� �n�i�t�r�o�g�e�n� �d�e�g�a�s�s�i�n�g�,� �w�a�s� �p�u�m�p�e�d� �t�h�r�o�u�g�h� �t�h�e� �l�o�w� �a�n�d� 

�h�i�g�h� �m�a�g�n�e�t�i�c� �f�i�e�l�d�s� �a�t� �f�l�o�w� �r�a�t�e�s� �o�f� �2�-�8� �m�L�/�m�i�n� �b�y� �t�h�e� �H�P�L�C� �p�u�m�p�.� �T�h�e� �e�n�h�a�n�c�e�d� �D�N�P� 

�s�i�g�n�a�l�s� �w�e�r�e� �o�b�t�a�i�n�e�d� �b�y� �s�a�t�u�r�a�t�i�n�g� �t�h�e� �e�l�e�c�t�r�o�n� �t�r�a�n�s�i�t�i�o�n�s� �w�i�t�h� �m�i�c�r�o�w�a�v�e� �p�o�w�e�r� �i�n� �t�h�e� 

�l�o�w� �m�a�g�n�e�t�i�c� �f�i�e�l�d� �a�n�d� �b�y� �d�e�t�e�c�t�i�n�g� �t�h�e� �p�o�l�a�r�i�z�e�d� �N�M�R� �s�i�g�n�a�l�s� �i�n� �t�h�e� �h�i�g�h� �m�a�g�n�e�t�i�c� 

�f�i�e�l�d�.� �F�o�r� �t�h�e� �'�°�C� �D�N�P� �e�x�p�e�r�i�m�e�n�t�,� �t�h�e� �'�H� �b�r�o�a�d� �b�a�n�d� �d�e�c�o�u�p�l�i�n�g� �t�e�c�h�n�i�q�u�e� �w�a�s� �u�s�e�d�.� 

�T�h�e� �s�p�i�n�-�l�a�t�t�i�c�e� �r�e�l�a�x�a�t�i�o�n� �t�i�m�e�s� �T�, ��s� �o�f� �t�h�e� �s�a�m�p�l�e� �n�u�c�l�e�i� �w�e�r�e� �m�e�a�s�u�r�e�d� �u�s�i�n�g� �a� �B�r�u�k�e�r� 

�2�0�0� �N�M�R� �s�p�e�c�t�r�o�m�e�t�e�r� �u�t�i�l�i�z�i�n�g� �t�h�e� �s�t�a�n�d�a�r�d� �i�n�v�e�r�s�e�-�r�e�c�o�v�e�r�y� �(�1�8�0�°�-�t�-�9�0�°�-�T�)� �m�e�t�h�o�d�. �� 
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�3�.�3�.�2� �D�e�t�e�r�m�i�n�a�t�i�o�n� �o�f� �t�h�e� �L�e�a�k�a�g�e� �F�a�c�t�o�r� �f� 

�A�s� �c�a�n� �b�e� �s�e�e�n� �f�r�o�m� �E�q�.�2�.�1�6�,� �t�h�e� �l�e�a�k�a�g�e� �f�a�c�t�o�r� �c�a�n� �b�e� �o�b�t�a�i�n�e�d� �b�y� �m�e�a�s�u�r�i�n�g� �t�h�e� 

�s�p�i�n�-�l�a�t�t�i�c�e� �r�e�l�a�x�a�t�i�o�n� �r�a�t�e�s� �o�f� �t�h�e� �s�a�m�p�l�e� �s�o�l�u�t�i�o�n� �i�n� �t�h�e� �p�r�e�s�e�n�c�e� �a�n�d� �t�h�e� �a�b�s�e�n�c�e� �o�f� �t�h�e� 

�f�r�e�e� �r�a�d�i�c�a�l� �a�t� �t�h�e� �l�o�w� �m�a�g�n�e�t�i�c� �f�i�e�l�d� �w�h�e�r�e� �t�h�e� �D�N�P� �e�f�f�e�c�t� �i�s� �d�e�v�e�l�o�p�e�d�.� �I�n� �t�h�i�s� �s�t�u�d�y�,� 

�h�o�w�e�v�e�r�,� �t�h�e� �r�e�l�a�x�a�t�i�o�n� �r�a�t�e�s� �m�e�a�s�u�r�e�d� �i�n� �t�h�e� �h�i�g�h� �m�a�g�n�e�t�i�c� �f�i�e�l�d� �w�e�r�e� �u�s�e�d� �t�o� 

�a�p�p�r�o�x�i�m�a�t�e� �t�h�o�s�e� �i�n� �t�h�e� �l�o�w� �f�i�e�l�d� �b�e�c�a�u�s�e� �o�f� �t�h�e� �s�e�n�s�i�t�i�v�i�t�y� �a�n�d� �t�h�e� �s�p�e�c�t�r�a�l� �r�e�s�o�l�u�t�i�o�n� 

�l�i�m�i�t�a�t�i�o�n�s� �i�n� �t�h�e� �l�o�w� �f�i�e�l�d�.� �T�h�e� �h�i�g�h� �f�i�e�l�d� �s�p�i�n�-�l�a�t�t�i�c�e� �r�e�l�a�x�a�t�i�o�n� �t�i�m�e�s� �w�e�r�e� �m�e�a�s�u�r�e�d� �a�t� 

�4�.�7� �T� �u�s�i�n�g� �a� �s�t�a�n�d�a�r�d� �i�n�v�e�r�s�e� �r�e�c�o�v�e�r�y� �s�e�q�u�e�n�c�e� �(�1�8�0�°� �-� �t� �-� �9�0�°� �-� �T�)�.� �T�h�e� �s�a�m�p�l�e�s� �w�e�r�e� 

�s�u�f�f�i�c�i�e�n�t�l�y� �d�e�g�a�s�s�e�d� �b�e�f�o�r�e� �t�h�e� �T�,�;� �m�e�a�s�u�r�e�m�e�n�t�s�.� �T�h�e� �f�r�e�e� �r�a�d�i�c�a�l� �c�o�n�c�e�n�t�r�a�t�i�o�n� �f�o�r� �m�o�s�t� 

�o�f� �t�h�e� �s�a�m�p�l�e� �s�o�l�u�t�i�o�n�s� �w�a�s� �0�.�1� �M�,� �w�h�i�c�h� �w�a�s� �h�i�g�h� �e�n�o�u�g�h� �t�o� �e�l�i�m�i�n�a�t�e� �t�h�e� �t�h�r�e�e�-�s�p�i�n� 

�e�f�f�e�c�t�.� �T�h�e� �r�e�l�a�t�i�v�e� �s�t�a�n�d�a�r�d� �d�e�v�i�a�t�i�o�n� �f�o�r� �t�h�e� �T�;� �m�e�a�s�u�r�e�m�e�n�t�s� �w�a�s� �b�e�t�w�e�e�n� �1�-�6�%�.� �A� 

�s�a�m�p�l�e� �c�u�r�v�e� �o�f� �t�h�e� �T�;� �m�e�a�s�u�r�e�m�e�n�t� �i�s� �i�l�l�u�s�t�r�a�t�e�d� �i�n� �F�i�g�u�r�e� �3�.�3�.� 

�3�.�3�.�3� �D�e�t�e�r�m�i�n�a�t�i�o�n� �o�f� �t�h�e� �S�a�t�u�r�a�t�i�o�n� �F�a�c�t�o�r� �s� 

�T�h�e� �s� �f�a�c�t�o�r� �c�a�n� �b�e� �d�e�t�e�r�m�i�n�e�d� �b�y� �E�q�.�2�.�2�4�.� �I�n� �t�h�i�s� �e�q�u�a�t�i�o�n�,� �t�h�e� �e�x�t�r�a�p�o�l�a�t�e�d� �D�N�P� 

�e�n�h�a�n�c�e�m�e�n�t� �A�i�=�'�(� �P�  ��>� �0�)� �c�a�n� �b�e� �o�b�t�a�i�n�e�d� �f�r�o�m� �t�h�e� �i�n�t�e�r�c�e�p�t� �o�f� �t�h�e� �p�l�o�t� �o�f� �[� �A�v�s�s�(�P�)�}� 

�v�e�r�s�u�s� �P � �� �(� �D�N�P� �p�o�w�e�r� �p�l�o�t�)� �a�t� �a� �o�p�t�i�m�i�z�e�d� �f�l�o�w� �r�a�t�e� �(�u�s�u�a�l�l�y� �6�m�L�/�m�i�n�)�.� �T�h�e� �4 ��'�(�P�)� 

�t�e�r�m� �c�a�n� �b�e� �o�b�t�a�i�n�e�d� �f�r�o�m� �t�h�e� �p�o�w�e�r� �p�l�o�t� �b�y� �s�u�b�s�t�i�t�u�t�i�n�g� �t�h�e� �m�i�c�r�o�w�a�v�e� �p�o�w�e�r� �P�,� �w�h�i�c�h� 

�i�s� �t�h�e� �m�i�c�r�o�w�a�v�e� �p�o�w�e�r� �u�n�d�e�r� �w�h�i�c�h� �t�h�e� �D�N�P� �f�l�o�w� �p�l�o�t� �i�s� �m�a�d�e�,� �i�n�t�o� �t�h�e� �l�i�n�e�a�r� �e�q�u�a�t�i�o�n� 
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�e�e� �+� 

�T�i� �.� �3�9�6� 

�M�o� �7� �T� �T� �7� �I� �|� �T�S� 
�0�.�0� �5� �4�.�0� �1�.�5� �2�.�0� �5� �3�.�0� �.� �3�.�5� �t� 

�S�E�C�O�N�D�S� 

�F�i�g�u�r�e� �3�.�3�.� �'�H� �2�0�0� �M�H�z� �S�p�i�n�-�L�a�t�t�i�c�e� �R�e�l�a�x�a�t�i�o�n� �T�i�m�e� �P�l�o�t� �f�o�r� �0�.�0�4�6�0�M� �T�a�x�o�l�/�3�.�7�0�x�1�0�°� 
�M� �T�E�M�P�O� �i�n� �C�D�C�]�;� 

�5�5



�_� �H�A�L� 

�)�=� �M�A�P�)�=� �M�g�t� �f�o�r� �e�a�c�h� �p�o�w�e�r� �P�,� �t�h�e� 
�0� 

�o�f� �t�h�e� �p�o�w�e�r� �p�l�o�t�.� �I�n� �t�h�e� �c�a�l�c�u�l�a�t�i�o�n� �o�f� �A�,�,�,�(�P� 

�f�l�o�w� �m�a�g�n�e�t�i�z�a�t�i�o�n� �M�7 �� �i�s� �t�h�e� �o�n�e� �t�h�a�t� �c�o�r�r�e�s�p�o�n�d�s� �t�o� �t�h�e� �o�p�t�i�m�i�z�e�d� �f�l�o�w� �r�a�t�e� �i�n� �t�h�e� �f�l�o�w� 

�p�l�o�t�,� �w�h�i�c�h� �w�i�l�l� �b�e� �d�i�s�c�u�s�s�e�d� �i�n� �t�h�e� �n�e�x�t� �s�e�c�t�i�o�n�.� �A� �s�a�m�p�l�e� �D�N�P� �p�o�w�e�r� �p�l�o�t� �i�s� �s�h�o�w�n� �i�n� 

�F�i�g�u�r�e� �3�.�4�.� 

�3�.�3�.�4� �D�e�t�e�r�m�i�n�a�t�i�o�n� �o�f� �t�h�e� �U�l�t�i�m�a�t�e� �D�N�P� �E�n�h�a�n�c�e�m�e�n�t� �A�,� �b�y� �t�h�e� �E�x�h�a�u�s�t�i�v�e� 

�M�e�t�h�o�d� 

�T�h�e� �e�x�h�a�u�s�t�i�v�e� �m�e�t�h�o�d� �h�a�s� �b�e�e�n� �u�s�e�d� �t�o� �c�a�l�c�u�l�a�t�e� �t�h�e� �u�l�t�i�m�a�t�e� �D�N�P� 

�e�n�h�a�n�c�e�m�e�n�t�.�*�°�*�!�*�?� �T�h�e� �a�d�v�a�n�t�a�g�e� �o�f� �t�h�i�s� �m�e�t�h�o�d� �i�s� �t�h�a�t� �i�t� �i�s� �c�l�o�s�e�l�y� �c�o�r�r�e�l�a�t�e�d� �t�o� �t�h�e� 

�f�l�o�w� �t�r�a�n�s�f�e�r� �D�N�P� �s�y�s�t�e�m� �u�s�e�d� �i�n� �t�h�i�s� �w�o�r�k�,� �a�n�d� �t�a�k�e�s� �i�n�t�o� �a�c�c�o�u�n�t� �a�s� �m�a�n�y� �v�a�r�i�a�b�l�e� 

�f�a�c�t�o�r�s� �t�h�a�t� �m�a�y� �c�a�u�s�e� �a�n� �e�r�r�o�r� �t�o� �t�h�e� �f�i�n�a�l� �r�e�s�u�l�t� �a�s� �p�o�s�s�i�b�l�e�,� �s�u�c�h� �a�s� �t�h�e� �l�o�w� �t�o� �h�i�g�h� 

�m�a�g�n�e�t�i�c� �f�i�e�l�d� �s�t�r�e�n�g�t�h� �c�h�a�n�g�e�,� �f� �a�n�d� �s� �f�a�c�t�o�r�s�,� �s�o� �t�h�a�t� �t�h�e� �c�a�l�c�u�l�a�t�e�d� �r�e�s�u�l�t� �m�a�t�c�h�e�s� �t�h�e� 

�t�r�u�e� �v�a�l�u�e� �m�o�r�e� �c�l�o�s�e�l�y�.� �T�h�e� �d�i�s�a�d�v�a�n�t�a�g�e� �o�f� �t�h�i�s� �m�e�t�h�o�d� �i�s� �t�h�a�t� �i�t� �r�e�q�u�i�r�e�s� �t�h�e� �i�n�s�t�r�u�m�e�n�t� 

�t�o� �b�e� �s�t�a�b�l�e� �a�n�d� �i�t� �i�s� �q�u�i�t�e� �t�i�m�e� �c�o�n�s�u�m�i�n�g� �s�i�n�c�e� �t�h�e� �d�a�t�a� �h�a�v�e� �t�o� �b�e� �o�b�t�a�i�n�e�d� �f�o�r� �a� �w�h�o�l�e� 

�r�a�n�g�e� �o�f� �f�l�o�w� �r�a�t�e�s�.� �T�h�i�s� �a�p�p�r�o�a�c�h� �c�a�n� �b�e� �s�i�m�p�l�i�f�i�e�d� �f�o�r� �d�a�t�a� �c�o�l�l�e�c�t�e�d� �a�t� �l�o�w� �f�l�o�w� �r�a�t�e�s� 

�w�h�e�r�e� �t�h�e� �o�b�s�e�r�v�e�d� �p�o�l�a�r�i�z�a�t�i�o�n� �i�s� �d�o�m�i�n�a�t�e�d� �b�y� �d�e�c�a�y� �o�f� �t�h�e� �l�o�w� �f�i�e�l�d� �m�a�g�n�e�t�i�z�a�t�i�o�n� �a�n�d� 

�i�s� �n�o�t� �d�e�p�e�n�d�e�n�t� �o�n� �b�u�i�l�d�-�u�p� �o�f� �t�h�e� �m�a�g�n�e�t�i�z�a�t�i�o�n� �i�n� �t�h�e� �l�o�w� �f�i�e�l�d�.� �I�n� �t�h�i�s� �s�i�m�p�l�i�f�i�e�d� 

�a�p�p�r�o�a�c�h�,� �t�h�e� �f�i�r�s�t� �s�t�e�p� �f�o�r� �c�a�l�c�u�l�a�t�i�n�g� �t�h�e� �u�l�t�i�m�a�t�e� �D�N�P� �e�n�h�a�n�c�e�m�e�n�t� �i�s� �t�o� �m�a�k�e� �a� �l�i�n�e�a�r� 

�p�l�o�t� �o�f� �L�n�|� �A� �-�a�e�|� �v�e�r�s�u�s� �/�/�F� �u�n�d�e�r� �c�e�r�t�a�i�n� �m�i�c�r�o�w�a�v�e� �p�o�w�e�r� �P�,� �s�u�c�h� �P� �=� �1�5� �W�.� �F�r�o�m� �t�h�e� 
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�P�o�w�e�r� �p�l�o�t� �f�o�r� �b�e�n�z�e�n�e� �a�t� �1�2�8�.�5�0� �p�p�m� 

� � 

�F�i�g�u�r�e� �3�.�4�.� �1�3�C� �P�o�w�e�r� �P�l�o�t� �o�f� �B�e�n�z�e�n�e� �a�t� �1�2�8�.�5�0� �p�p�m� 
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�i�n�t�e�r�c�e�p�t� �o�f� �t�h�i�s� �p�l�o�t�,� �t�h�e� �e�x�t�r�a�p�o�l�a�t�e�d� �A�,�,�;� �i�s� �o�b�t�a�i�n�e�d�.� �T�h�e� �u�l�t�i�m�a�t�e� �D�N�P� �e�n�h�a�n�c�e�m�e�n�t� �i�s� 

�d�e�t�e�r�m�i�n�e�d� �b�y� �d�i�v�i�d�i�n�g� �t�h�e� �e�x�t�r�a�p�o�l�a�t�e�d� �A�,�»�;� �b�y� �f�a�n�d� �s� �f�a�c�t�o�r�s�,� �a�n�d� �t�h�e�n� �m�u�l�t�i�p�l�i�e�d� �b�y� �t�h�e� 

�h�i�g�h� �t�o� �l�o�w� �m�a�g�n�e�t�i�c� �f�i�e�l�d� �r�a�t�i�o� �(�i�.�e�.� �1�4�.�2�)� �a�s� �i�s� �s�h�o�w�n� �i�n� �t�h�e� �f�o�l�l�o�w�i�n�g� �e�q�u�a�t�i�o�n�:� �'� 

�A�n �� �A�,� �=� �1�4�.�2� �x� �=� 
�-�S� 

� � 

�w�h�e�r�e� �A�%�" �� �i�s� �t�h�e� �e�x�t�r�a�p�o�l�a�t�e�d� �D�N�P� �e�n�h�a�n�c�e�m�e�n�t� �o�b�t�a�i�n�e�d� �f�r�o�m� �t�h�e� �i�n�t�e�r�c�e�p�t� �o�f� �t�h�e� �f�l�o�w� 

�p�l�o�t�.� �A� �s�a�m�p�l�e� �D�N�P� �f�l�o�w� �p�l�o�t� �i�s� �s�h�o�w�n� �i�n� �F�i�g�u�r�e� �3�.�5�.� �T�h�e� �s�a�m�p�l�e� �c�a�l�c�u�l�a�t�i�o�n�s� �b�y� �t�h�e� 

�e�x�h�a�u�s�t�i�v�e� �m�e�t�h�o�d� �c�a�n� �b�e� �f�o�u�n�d� �i�n� �R�e�f�.� �1�.� 

�3�.�3�.�5� �D�e�t�e�r�m�i�n�a�t�i�o�n� �o�f� �A�.� �b�y� �t�h�e� �R�a�t�i�o� �M�e�t�h�o�d� 

�M�o�s�t� �o�f� �t�h�e� �D�N�P� �d�a�t�a� �i�n� �t�h�i�s� �w�o�r�k� �w�e�r�e� �c�o�l�l�e�c�t�e�d� �f�o�r� �a�n�d� �p�r�o�c�e�s�s�e�d� �b�y� �t�h�e� �r�a�t�i�o� 

�m�e�t�h�o�d� �m�a�i�n�l�y� �b�e�c�a�u�s�e� �s�o�m�e� �o�f� �t�h�e� �s�a�m�p�l�e� �s�o�l�u�t�i�o�n�s� �c�a�n�n�o�t� �b�e� �r�e�a�d�i�l�y� �s�t�u�d�i�e�d� �b�y� �t�h�e� 

�e�x�h�a�u�s�t�i�v�e� �m�e�t�h�o�d� �w�h�i�c�h� �i�s� �m�o�r�e� �d�e�m�a�n�d�i�n�g� �e�i�t�h�e�r� �t�o� �t�h�e� �s�e�n�s�i�t�i�v�i�t�y� �a�n�d� �s�t�a�b�i�l�i�t�y� �o�f� �t�h�e� 

�i�n�s�t�r�u�m�e�n�t� �o�r� �t�o� �t�h�e� �e�x�p�e�r�i�m�e�n�t�a�l� �t�i�m�e�.� �T�h�e� �u�l�t�i�m�a�t�e� �D�N�P� �e�n�h�a�n�c�e�m�e�n�t� �4 �� �d�e�t�e�r�m�i�n�e�d� 

�b�y� �t�h�e� �r�a�t�i�o� �m�e�t�h�o�d� �i�s� �g�i�v�e�n� �b�y!"� 

�A�l�s� �A�N� �A�(�P�Y�/�A�A�P�)�]�F�,�/�F�]�>� �G�D� 
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�1�.�4�0� �=� 

�1� �3�5� �a� �|� �m�J� �1� �T� �|� �q� �T�-� 

�0�.�1� �0�.�2� �0�.�3� �0�.�4� �0�.�5� 
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�F�i�g�u�r�e� �3�.�5�.� �'�3�C� �F�l�o�w� �P�l�o�t� �o�f� �B�e�n�z�e�n�e� �a�t� �1�2�8�.�5�0� �p�p�m� 
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�w�h�e�r�e� �A �� �i�s� �t�h�e� �u�l�t�i�m�a�t�e� �D�N�P� �e�n�h�a�n�c�e�m�e�n�t� �o�f� �t�h�e� �r�e�f�e�r�e�n�c�e� �n�u�c�l�e�u�s�,� �s�u�c�h� �p�r�o�t�o�n� �o�r� 

�o�t�h�e�r� �w�e�l�l� �c�h�a�r�a�c�t�e�r�i�z�e�d� �n�u�c�l�e�i�;� �4�,�(�P�)� �a�n�d� �A�,�,�(�P�)� �a�r�e� �t�h�e� �o�b�s�e�r�v�e�d� �D�N�P� �e�n�h�a�n�c�e�m�e�n�t�s� 

�f�o�r� �t�h�e� �r�e�s�p�e�c�t�i�v�e� �n�u�c�l�e�u�s� �/� �a�n�d� �t�h�e� �r�e�f�e�r�e�n�c�e� �n�u�c�l�e�u�s� �m�e�a�s�u�r�e�d� �u�n�d�e�r� �m�i�c�r�o�w�a�v�e� �p�o�w�e�r� 

�P�;� �f�.�,� �a�n�d� �f�,� �a�r�e� �t�h�e� �f� �f�a�c�t�o�r�s� �o�f� �t�h�e� �r�e�f�e�r�e�n�c�e� �n�u�c�l�e�u�s� �a�n�d� �t�h�e� �n�u�c�l�e�u�s� �/�,� �r�e�s�p�e�c�t�i�v�e�l�y�.� �B�y� 

�m�e�a�s�u�r�i�n�g� �t�h�e� �o�b�s�e�r�v�e�d� �D�N�P� �e�n�h�a�n�c�e�m�e�n�t�s� �u�n�d�e�r� �s�e�v�e�r�a�l� �m�i�c�r�o�w�a�v�e� �p�o�w�e�r�s�,� �a�n�d� �b�y� 

�o�b�t�a�i�n�i�n�g� �t�h�e� �f� �f�a�c�t�o�r�s� �f�o�r� �t�h�e� �r�e�f�e�r�e�n�c�e� �n�u�c�l�e�u�s� �a�n�d� �t�h�e� �n�u�c�l�e�u�s� �/�,� �t�h�e� �a�v�e�r�a�g�e�d� �u�l�t�i�m�a�t�e� 

�D�N�P� �e�n�h�a�n�c�e�m�e�n�t� �i�s� �d�e�t�e�r�m�i�n�e�d� �b�y� �E�q�.�3�.�1�.� �N�o� �f�l�o�w� �p�l�o�t� �o�r� �p�o�w�e�r� �p�l�o�t� �h�a�s� �t�o� �b�e� �m�a�d�e� �i�n� 

�t�h�i�s� �m�e�t�h�o�d�.� �T�h�e� �s� �f�a�c�t�o�r� �i�s� �a�s�s�u�m�e�d� �t�o� �b�e� �t�h�e� �s�a�m�e� �f�o�r� �a�l�l� �t�h�e� �n�u�c�l�e�i� �i�n� �a� �g�i�v�e�n� 

�e�x�p�e�r�i�m�e�n�t�.� 

�A� �s�a�m�p�l�e� �c�a�l�c�u�l�a�t�i�o�n� �o�f� �t�h�e�  ��°�C� �D�N�P� �u�l�t�i�m�a�t�e� �e�n�h�a�n�c�e�m�e�n�t�s� �f�o�r� �t�h�e� �0�.�5� �M� 

�a�d�a�m�a�n�t�a�n�e�/�b�e�n�z�e�n�e�/�0�.�!�1� �M� �T�E�M�P�O� �s�y�s�t�e�m� �b�y� �t�h�e� �r�a�t�i�o� �m�e�t�h�o�d� �i�s� �g�i�v�e�n� �b�e�l�o�w�.� 

�S�t�e�p� �1�.� �T�o� �o�b�t�a�i�n� �t�h�e� �p�e�a�k� �h�e�i�g�h�t� �d�a�t�a� �f�r�o�m� �t�h�e� �'�°�C� �s�t�a�t�i�c� �N�M�R�,� �f�l�o�w� �N�M�R�,� �a�n�d� 

�D�N�P� �s�p�e�c�t�r�a� �f�o�r� �t�h�e� �0�.�5� �M� �a�d�a�m�a�n�t�a�n�e�/�b�e�n�z�e�n�e�/�0�.�1� �M� �T�E�M�P�O� �s�y�s�t�e�m�.� �T�h�e� �p�e�a�k� �h�e�i�g�h�t�s� 

�a�r�e� �l�i�s�t�e�d� �i�n� �T�a�b�l�e� �3�.�1�.� 
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�T�a�b�l�e� �3�.�1� �P�e�a�k� �H�e�i�g�h�t� �D�a�t�a� �f�o�r� �0�.�5� �M� �A�d�a�m�a�n�t�a�n�e�/�B�e�n�z�e�n�e�/�0�.�1� �M� �T�E�M�P�O� �S�y�s�t�e�m� 
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� � � � � � � � � � � � � � � � � � 

�C�a�r�b�o�n� �|� �P�e�a�k� �M�y�?� �|� �M�Z�2 �� �|� �-�m�M�3�°� �|� �-�M�;� �~�M�;� �~�M�;� 
�T�y�p�e� �|� �P�o�s�i�t�i�o�n� �(�P�=�5�W�)� �|� �(�P�=�1�0�W�)� �|� �(�P�=�1�5�W�)� �|� �(�P�=�2�0�W�)� 

�(�p�p�m�)� 

�C�-�1� �2�8�.�6�6� �1�6�8� �5�3� �6�4�2� �7�1�0� �7�4�0� �6�8�2� 
�C�-�2� �3�7�.�9�1� �2�8�9� �1�1�5� �7�6�8� �8�2�6� �9�0�4� �8�4�0� 

�C�6�H�e� �|� �1�2�8�.�5�0� �|� �5�7�1�8� �2�2�1�1� �1�7�5�6�2� �{� �1�9�0�7�0� �|� �2�0�4�8�8� �|� �1�9�4�8�6� 
� � 

� � 
�G�Q� 

�a�.� �M�,�'� �r�e�p�r�e�s�e�n�t�s� �t�h�e� �p�e�a�k� �h�e�i�g�h�t� �o�f� �t�h�e� �c�a�r�b�o�n� �n�u�c�l�e�u�s� �i�n� �t�h�e� �s�t�a�t�i�c� �N�M�R� �s�p�e�c�t�r�u�m�.� 

�N�o�t�e�:� 

�b�.� �M�z�"� �r�e�p�r�e�s�e�n�t�s� �t�h�e� �p�e�a�k� �h�e�i�g�h�t� �o�f� �t�h�e� �c�a�r�b�o�n� �n�u�c�l�e�u�s� �i�n� �t�h�e� �f�l�o�w� �N�M�R� �s�p�e�c�t�r�u�m�.� 

�c�.� �M�;� �r�e�p�r�e�s�e�n�t�s� �t�h�e� �p�e�a�k� �h�e�i�g�h�t� �o�f� �t�h�e� �c�a�r�b�o�n� �n�u�c�l�e�u�s� �i�n� �t�h�e� �D�N�P� �s�p�e�c�t�r�u�m�.� 
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�S�t�e�p� �2�.� �T�o� �c�a�l�c�u�l�a�t�e� �t�h�e� �o�b�s�e�r�v�e�d� �'�°�C� �D�N�P� �e�n�h�a�n�c�e�m�e�n�t� �f�r�o�m� �t�h�e� �p�e�a�k� �h�e�i�g�h�t� 

�d�a�t�a� �b�y� �t�h�e� �f�o�l�l�o�w�i�n�g� �f�o�r�m�u�l�a�r�:� 

�_� �M�i�P�)� �M�i� �A�l�,� �(�P� �J�o�s� �)� �M�i� �»� �(�3�.�2�)� 

�F�o�r� �t�h�e� �c�a�r�b�o�n� �n�u�c�l�e�u�s� �a�t� �C�-�1� �p�o�s�i�t�i�o�n� �o�f� �a�d�a�m�a�n�t�a�n�e�,� �t�h�e� �o�b�s�e�r�v�e�d� �e�n�h�a�n�c�e�m�e�n�t� 

�c�a�n� �b�e� �c�a�l�c�u�l�a�t�e�d� �a�s�:� 

�A�E�H� �p� �=� �5�p�)� �=� �3� �_� �4� �1�4� �1�6�8� 

�T�h�e� �c�a�l�c�u�l�a�t�e�d� �o�b�s�e�r�v�e�d� �°�C� �D�N�P� �e�n�h�a�n�c�e�m�e�n�t�s� �a�t� �d�i�f�f�e�r�e�n�t� �m�i�c�r�o�w�a�v�e� �p�o�w�e�r�s� 

�a�r�e� �l�i�s�t�e�d� �i�n� �T�a�b�l�e� �3�.�2�.� 
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�T�a�b�l�e� �3�.�2� �O�b�s�e�r�v�e�d� �'�3�C� �D�N�P� �E�n�h�a�n�c�e�m�e�n�t�s� �f�o�r� 
�0�.�5� �M� �A�d�a�m�a�n�t�a�n�e�/�B�e�n�z�e�n�e�/�0�.�1� �M� �T�E�M�P�O� �S�y�s�t�e�m� 

� � 

� � 

� � 

� � � � 

�C�a�r�b�o�n� �P�e�a�k� �-� �A�v�s� �-� �A�v�e�s� �.� �A�r�s�e� �-� �A�b�t�s� 
�T�y�p�e� �P�o�s�i�t�i�o�n� �|� �(�P�=�5�W�)� �|� �(�P�=�1�0�W�)� �|� �(�P�=�1�S�W�)� �|� �(�P�=�2�0�W�)� 

�(�p�p�m�)� 
�C�-�1� �2�8�.�6�6� �4�.�1�4� �4�.�5�4� �4�.�7�2� �4�.�3�8� 
�C�-�2� �3�7�.�9�1� �3�.�0�6� �3�.�2�6� �3�.�5�3� �3�.�3�0� 

�C�e�6�H�e� �1�2�8�.�5�0� �3�.�4�6� �3�.�7�2� �3�.�9�7� �3�.�7�9� � � � � � � � � � � � � 
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�S�t�e�p� �3�.� �T�o� �c�o�n�v�e�r�t� �t�h�e� �o�b�s�e�r�v�e�d� �'�°�C� �D�N�P� �e�n�h�a�n�c�e�m�e�n�t� �(�4�/�,�.�)� �o�b�t�a�i�n�e�d� �f�r�o�m� �t�h�e� �o�b�s� 

�f�l�o�w� �t�r�a�n�s�f�e�r� �s�y�s�t�e�m� �t�o� �t�h�e� �v�a�l�u�e� �f�o�r� �t�h�e� �s�t�a�t�i�c� �D�N�P� �s�y�s�t�e�m� �(�A�,�)�.� �T�h�e� �f�o�r�m�u�l�a� �f�o�r� 

�c�o�n�v�e�r�t�i�n�g� �A ��,�.� �t�o� �A�,� �i�s� �a�s� �f�o�l�l�o�w�s�:�'� 

�K�.� �A�n�y�s�(� �P�)� 

�-� �V�a� �{�B�i�t�e� �\�s� 

�l�-�e� �T�i�g�:� �F�  ��|�e� �N�p� �T�i�e� �F� 

�A�,�(�P�)� �=� �(�3�.�3�)� 
� � 

�w�h�e�r�e� �T�i�a�,� �T�i�p�,� �a�n�d� �T�;�,� �a�r�e� �t�h�e� �n�u�c�l�e�a�r� �r�e�l�a�x�a�t�i�o�n� �t�i�m�e�s� �i�n� �t�h�e� �r�e�g�i�o�n�s� �a�,� �b�,� �a�n�d� �c�,� 

�r�e�s�p�e�c�t�i�v�e�l�y� �(�F�i�g�u�r�e� �3�.�1�)�;� �V�a�,� �V�p�,� �a�n�d� �V�,� �a�r�e� �t�h�e� �s�a�m�p�l�e� �s�o�l�u�t�i�o�n� �v�o�l�u�m�e�s� �i�n� �t�h�e� �r�e�g�i�o�n�s� �a�,� 

�b�,� �a�n�d� �c�,� �r�e�s�p�e�c�t�i�v�e�l�y�;� �F� �i�s� �t�h�e� �f�l�o�w� �r�a�t�e� �(�L�/�s�e�c�.�)� �o�f� �t�h�e� �s�a�m�p�l�e� �s�o�l�u�t�i�o�n�;� �K� �i�s� �t�h�e� �h�i�g�h� �t�o� 

�l�o�w� �m�a�g�n�e�t�i�c� �f�i�e�l�d� �s�t�r�e�n�g�t�h� �r�a�t�i�o� �w�h�i�c�h� �i�s� �e�q�u�a�l� �t�o� �1�4�.�2�.� �B�y� �m�a�k�i�n�g� �t�h�e� �f�o�l�l�o�w�i�n�g� 

�a�p�p�r�o�x�i�m�a�t�i�o�n�:� 

�T�i�a� �=� �T�i�c�s� �T�i�n� �=� �T�i�e�s� 

�V�,� �=� �1�6�0� �p�L�,� �V�,� �+� �V�.� �=� �1�2�0� �w�L�,� 

�T�h�e� �c�o�n�v�e�r�t�e�d� �D�N�P� �e�n�h�a�n�c�e�m�e�n�t� �A�,� �c�a�n� �b�e� �e�x�p�r�e�s�s�e�d� �b�y� �t�h�e� �e�x�p�e�r�i�m�e�n�t�a�l� 

�m�e�a�s�u�r�e�a�b�l�e� �q�u�a�n�t�i�e�s� �i�n� �t�h�e� �f�o�l�l�o�w�i�n�g� �f�o�r�m�u�l�a�:� 

�1�2�0� 

�_� �K�-�A�l�,�(�P�)�-�e�l�e�*� 
� � 

�o�b�s� �A�,�(�P�)� �=�  � ��  ��,� �(�3�.�4�)� 
 ��T�e� �F� 

� � 

�l�-�e� 

�F�o�r� �t�h�e� �c�a�r�b�o�n� �n�u�c�l�e�u�s� �a�t� �C�-�1� �p�o�s�i�t�i�o�n�,� �t�h�e� �c�o�n�v�e�r�t�e�d� �'�5�C� �D�N�P� �e�n�h�a�n�c�e�m�e�n�t� �c�a�n� 

�b�e� �c�a�l�c�u�l�a�t�e�d� �a�s� �f�o�l�l�o�w�s�:� 
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�1�2�0� 

�1�4�.�2� �x� �(�-�4�.�1�4�)� �x� �@�2�.�6�4�*�5�.�0�0�x�1�6�.�7� 
�A�c�_�,�(� �P� �=� �5�W�)� �=� �(�4�.�1�4�)� �a� �=� �-�1�9�6� 

�] ��e� �2�.�6�4�x�5�.�0�0�x�1�6�.�7� 
� � 

�T�h�e� �c�o�n�v�e�r�t�e�d� �D�N�P� �e�n�h�a�n�c�e�m�e�n�t�s� �f�o�r� �t�h�e� �0�.�5� �M� �a�d�a�m�a�n�t�a�n�e�/�b�e�n�z�e�n�e�/�0�.�1� �M� �T�E�M�P�O� 

�s�y�s�t�e�m� �a�r�e� �l�i�s�t�e�d� �i�n� �T�a�b�l�e� �3�.�3�.� 
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�N�o�t�e�:� 

�T�a�b�l�e� �3�.�3� �T�h�e� �C�o�n�v�e�r�t�e�d� �'�3�C� �D�N�P� �E�n�h�a�n�c�e�m�e�n�t�s� �f�o�r� 
�0�.�5� �M� �A�d�a�m�a�n�t�a�n�e�/�B�e�n�z�e�n�e�/�0�.�1� �M� �T�E�M�P�O� �S�y�s�t�e�m� 

� � 

� � 

� � 

� � � � � � � � � � � � � � � � 

�C�a�r�b�o�n� �|� �P�e�a�k� �T�i�e� �-�A�;�>� �-� �A�;� �-�A�,� �-� �A�,� 
�T�y�p�e� �|� �P�o�s�i�t�i�o�n� �|� �(�S�e�c�.�)� �|� �(�P�=�5�W�)� �|� �(�P�=�1�0�W�)� �|� �(�P�=�1�5�W�)� �|� �(�P�=�2�0�W�)� 

�(�p�p�m�)� 
�C�-�1� �2�8�.�6�6� �2�.�6�4� �1�9�6� �2�1�5� �2�2�3� �2�0�7� 
�C�-�2� �3�7�.�9�1� �2�.�2�5� �1�5�3� �1�6�3� �1�7�7� �1�6�5� 

�C�e�H�g� �|� �1�2�8�.�5�0� �2�.�4�6� �1�7�5� �1�8�8� �2�0�6� �1�9�2� 
� � � � 

�a�.� �T�|�,� �w�a�s� �m�e�a�s�u�r�e�d� �a�t� �4�.�7� �T� �m�a�g�n�e�t�i�c� �f�i�e�l�d� �f�o�r� �t�h�e� �0�.�5� �M� �a�d�a�m�a�n�t�a�n�e�/�b�e�n�z�e�n�e�/�0�.�1� �M� 

�T�E�M�P�O� �s�y�s�t�e�m�.� 

�b�.� �T�h�e� �'�3�C� �D�N�P� �e�n�h�a�n�c�e�m�e�n�t�s� �w�a�s� �m�e�a�s�u�r�e�d� �a�t� �t�h�e� �f�l�o�w� �r�a�t�e� �(�F�)� �o�f� �5�.�0�0� �m�L�/�m�i�n�.� 

�6�6



�S�t�e�p� �4�.� �T�o� �c�a�l�c�u�l�a�t�e� �t�h�e� �u�l�t�i�m�a�t�e� �'�*�C� �D�N�P� �e�n�h�a�n�c�e�m�e�n�t�s� �f�o�r� �t�h�e� �0�.�5� �M� 

�a�d�a�m�a�n�t�a�n�e�/�b�e�n�z�e�n�e�/�0�.�1� �M� �T�E�M�P�O� �s�y�s�t�e�m� �b�y� �t�h�e� �r�a�t�i�o� �m�e�t�h�o�d�.� 

�E�q�u�a�t�i�o�n� �3�.�1� �i�s� �u�s�e�d� �f�o�r� �t�h�e� �c�a�l�c�u�l�a�t�i�o�n� �o�f� �t�h�e� �'�°�C� �D�N�P� �e�n�h�a�n�c�e�m�e�n�t�s� �o�f� �a� �s�t�a�t�i�c� 

�D�N�P� �s�y�s�t�e�m�:� 

�=� �A�Y�!� �A�,�(� �|� �h�e� �/�f�i�)� �G�D� �A�L�,� �I� �P�)�/� �A�v�a� �(�P� �r�e�p� �|� �F�r� �|�>� 

�:� �r�e�f� �b�e�n�z�e�n�e� �!� �2�.�4�6� �1�3� �.� �W�i�t�h� �A�z� �=� �A�p�"� �=� �~�2�0�0�,� �S�r�e�y� �=� �S�o�e�n�c�e�n�e� �=� �1�-�5�5� �=� �0�.�9�1�8�,� �t�h�e�  ��°�C� �u�l�t�i�m�a�t�e� 

�D�N�P� �e�n�h�a�n�c�e�m�e�n�t�s� �f�o�r� �t�h�e� �0�.�5� �M� �a�d�a�m�a�n�t�a�n�e�/�b�e�n�z�e�n�e�/�0�.�1� �M� �T�E�M�P�O� �s�y�s�t�e�m� �c�a�n� �b�e� 

�o�b�t�a�i�n�e�d�.� �T�h�e� �c�a�l�c�u�l�a�t�e�d� �u�l�t�i�m�a�t�e� �e�n�h�a�n�c�e�m�e�n�t�s� �a�r�e� �l�i�s�t�e�d� �i�n� �T�a�b�l�e� �3�.�4�.� 
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�T�a�b�l�e� �3�.�4� �U�l�t�i�m�a�t�e� �'�*�C� �D�N�P� �E�n�h�a�n�c�e�m�e�n�t�s� �a�n�d� �R�e�l�a�x�a�t�i�o�n� �D�a�t�a� �f�o�r� �0�.�5� �M� 
�A�d�a�m�a�n�t�a�n�e�/�B�e�n�z�e�n�e�/�0�.�1� �M� �T�E�M�P�O� �S�y�s�t�e�m� 

� � 

� � 

� � � � � � � � � � � � � � � � � � � � � � 

�C�a�r�b�o�n� �T�i�o�®� �T�i�e� �f� �-�A�,� �-� �A�,� �-� �A�,� �-� �A�,� �-�A�,�°� 
�T�y�p�e� �|� �(�S�e�c�.�)� �|� �(�S�e�c�.�)� �(�P�=�5�W�)� �|� �(�P�=�1�0�W�)� �|� �(�P�=�1�5�W�)� �|� �(�P�=�2�0�W�)� 
�C�-�1� �2�0�.�3� �2�.�6�4� �|� �0�.�8�7�0� �2�3�6� �2�5�9� �2�6�9� �2�5�0� �2�5�4�4�1�4� 
�C�-�2� �1�3�.�0� �2�.�2�5� �0�.�8�2�7� �1�9�4� �2�0�7� �2�2�5� �2�0�9� �2�0�9�+�1�3� 

�N�o�t�e�:� 

�a�.� �T�i�o� �i�s� �t�h�e� �r�e�l�a�x�a�t�i�o�n� �t�i�m�e� �f�o�r� �t�h�e� �0�.�5� �M� �a�d�a�m�a�n�t�a�n�e�/�b�e�n�z�e�n�e� �s�y�s�t�e�m�.� 

�b�.� �A�,� �i�s� �t�h�e� �a�v�e�r�a�g�e� �v�a�l�u�e� �o�f� �t�h�e� �f�o�u�r� �u�l�t�i�m�a�t�e� �'�°�C� �D�N�P� �e�n�h�a�n�c�e�m�e�n�t�s� �o�b�t�a�i�n�e�d� �a�t� 

�d�i�f�f�e�r�e�n�t� �m�i�c�r�o�w�a�v�e� �p�o�w�e�r�s�.� �T�h�e� �s�t�a�n�d�a�r�d� �d�e�v�i�a�t�i�o�n� �w�a�s� �c�a�l�c�u�l�a�t�e�d� �f�r�o�m� �t�h�e� �u�l�t�i�m�a�t�e� 

�e�n�h�a�n�c�e�m�e�n�t�s� �(�A�,�,�)� �m�e�a�s�u�r�e�d� �a�t� �t�h�e� �f�o�u�r� �m�i�c�r�o�w�a�v�e� �p�o�w�e�r�.� 
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�f�e�
 

� 



�F�o�r� �t�h�e� �c�a�r�b�o�n� �n�u�c�l�e�u�s� �a�t� �C�-�1� �p�o�s�i�t�i�o�n�,� �t�h�e� �c�a�l�c�u�l�a�t�i�o�n� �o�f� �t�h�e� �u�l�t�i�m�a�t�e� 

�e�n�h�a�n�c�e�m�e�n�t� �a�t� �o�n�e� �m�i�c�r�o�w�a�v�e� �p�o�w�e�r� �i�s� �a�s� �f�o�l�l�o�w�s�:� 

�1�9�6� �0�.�9�1�8� 
�x�  �� �x�  � �� �=� 

�1�7�5� �0�.�8�7�0� 
�A�S�!� �=�(�-�2�0�0�)� �-�2�3�6� 

�T�h�e� �f�i�n�a�l� �p�r�o�p�a�g�a�t�e�d� �e�r�r�o�r� �i�n� �t�h�i�s� �m�e�a�s�u�r�e�m�e�n�t� �i�s� �e�s�t�i�m�a�t�e�d� �t�o� �b�e� �o�n� �t�h�e� �o�r�d�e�r� �o�f� 

�1�5�-�2�0�%�.� 
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�C�H�A�P�T�E�R� �4�.� �R�E�S�U�L�T�S� �A�N�D� �D�I�S�C�U�S�S�I�O�N� 

�4�.�1� �S�o�l�u�t�i�o�n� �°�C� �D�N�P� �S�t�u�d�i�e�s� �o�f� �P�r�o�t�o�n� �A�c�i�d�i�t�y� �i�n� �C�a�r�b�o�n�-�H�y�d�r�o�g�e�n� �B�o�n�d�s� �o�f� 

�O�r�g�a�n�i�c� �M�o�l�e�c�u�l�e�s� 

�4�.�1�.�1� �I�n�t�r�o�d�u�c�t�i�o�n� 

�O�n�e� �o�f� �t�h�e� �m�o�s�t� �s�i�g�n�i�f�i�c�a�n�t� �a�p�p�l�i�c�a�t�i�o�n�s� �o�f� �t�h�e� �D�N�P� �t�e�c�h�n�i�q�u�e� �i�s� �t�o� �s�t�u�d�y� �t�r�a�n�s�i�e�n�t� 

�s�o�l�v�e�n�t�-�s�o�l�u�t�e� �i�n�t�e�r�a�c�t�i�o�n�s�.�7�°�4�0�4�7�:�4�9�4�8�.�5�%�°�!�.�6�3� �T�n� �o�r�d�e�r� �t�o� �a�c�c�o�m�p�l�i�s�h� �t�h�i�s� �g�o�a�l�,� �a� �s�t�a�b�l�e� �f�r�e�e� 

�r�a�d�i�c�a�l� �i�s� �i�n�t�r�o�d�u�c�e�d� �i�n�t�o� �t�h�e� �s�o�l�v�e�n�t� �s�y�s�t�e�m� �a�s� �a� �s�o�l�u�t�e� �p�r�o�b�e�,� �a�n�d� �t�h�e� �d�o�m�i�n�a�n�t� �c�o�u�p�l�i�n�g� 

�m�e�c�h�a�n�i�s�m�(�s�)� �(�e�i�t�h�e�r� �d�i�p�o�l�a�r� �o�r� �s�c�a�l�a�r�)� �i�s� �r�e�a�d�i�l�y� �o�b�s�e�r�v�e�d� �b�y� �n�e�g�a�t�i�v�e�l�y� �o�r� �p�o�s�i�t�i�v�e�l�y� 

�e�n�h�a�n�c�e�d� �N�M�R� �s�i�g�n�a�l�s�.� �S�e�v�e�r�a�l� �r�e�s�e�a�r�c�h�e�r�s� �h�a�v�e� �f�o�u�n�d� �t�h�a�t� �w�h�e�n� �a� �w�e�a�k� �h�y�d�r�o�g�e�n� �b�o�n�d� 

�i�s� �f�o�r�m�e�d� �b�e�t�w�e�e�n� �t�h�e� �r�e�c�e�p�t�o�r� �p�r�o�t�o�n�s� �i�n� �a�n� �o�r�g�a�n�i�c� �m�o�l�e�c�u�l�e� �a�n�d� �t�h�e� �f�r�e�e� �r�a�d�i�c�a�l�s�,� �a� 

�s�c�a�l�a�r� �c�o�m�p�o�n�e�n�t� �a�m�o�n�g� �t�h�e� �'�H� �D�N�P� �e�n�h�a�n�c�e�m�e�n�t� �w�a�s� �o�b�s�e�r�v�e�d�. ��°�?�! ��*�°� �P�r�e�v�i�o�u�s� �°�C� 

�D�N�P� �s�t�u�d�i�e�s� �o�f� �s�o�m�e� �o�r�g�a�n�i�c� �m�o�l�e�c�u�l�e�s� �h�a�v�e� �s�h�o�w�n� �t�h�a�t� �s�c�a�l�a�r� �d�o�m�i�n�a�t�e�d� �e�n�h�a�n�c�e�m�e�n�t�s� 

�a�r�e� �o�b�s�e�r�v�e�d� �a�t� �t�h�e� �p�r�o�t�o�n� �b�o�u�n�d� �c�a�r�b�o�n� �n�u�c�l�e�u�s�.� �A� �t�r�a�n�s�i�e�n�t� �h�y�d�r�o�g�e�n� �b�o�n�d� �b�e�t�w�e�e�n� �t�h�e� 

�f�r�e�e� �r�a�d�i�c�a�l� �a�n�d� �t�h�e� �h�y�d�r�o�g�e�n� �a�t� �t�h�e� �c�a�r�b�o�n� �n�u�c�l�e�u�s� �h�a�s� �b�e�e�n� �s�u�g�g�e�s�t�e�d� �t�o� �e�x�p�l�a�i�n� �t�h�e�s�e� 

�s�c�a�l�a�r� �d�o�m�i�n�a�t�e�d� �e�n�h�a�n�c�e�m�e�n�t�s�.�'�*�*� �H�o�w�e�v�e�r�,� �t�h�e� �m�e�c�h�a�n�i�s�m� �t�h�a�t� �t�h�e� �w�e�a�k� �h�y�d�r�o�g�e�n� 

�b�o�n�d�i�n�g� �t�r�a�n�s�f�e�r�s� �t�h�e� �e�l�e�c�t�r�o�n� �s�p�i�n� �d�e�n�s�i�t�y� �f�r�o�m� �t�h�e� �f�r�e�e� �r�a�d�i�c�a�l� �t�o� �t�h�e� �p�r�o�t�o�n� �a�n�d� �c�a�r�b�o�n� 

�n�u�c�l�e�i� �h�a�s� �n�o�t� �b�e�e�n� �r�e�s�o�l�v�e�d� �t�o� �e�x�p�l�a�i�n� �t�h�e� �D�N�P� �r�e�s�u�l�t�s�.� �I�n� �a�n�o�t�h�e�r� �r�e�s�p�e�c�t�,� �s�i�n�c�e� �t�h�e� 

�w�e�a�k� �h�y�d�r�o�g�e�n� �b�o�n�d�i�n�g� �i�s� �a�s�s�o�c�i�a�t�e�d� �w�i�t�h� �t�h�e� �w�e�a�k� �a�c�i�d�i�t�y� �o�f� �t�h�e� �b�r�i�d�g�i�n�g� �p�r�o�t�o�n�s�,� �t�h�e� 

�s�c�a�l�a�r� �d�o�m�i�n�a�t�e�d� �°�C� �D�N�P� �e�n�h�a�n�c�e�m�e�n�t� �m�a�y� �p�r�o�v�i�d�e� �a� �n�e�w� �m�e�t�h�o�d� �o�f� �m�e�a�s�u�r�i�n�g� �t�h�e� 
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�w�e�a�k� �p�r�o�t�o�n� �a�c�i�d�i�t�y� �i�n� �o�r�g�a�n�i�c� �m�o�l�e�c�u�l�e�s�.� �B�y� �t�h�i�s� �m�e�a�n�s�,� �t�h�e� �p�o�t�e�n�t�i�a�l� �w�e�a�k� �h�y�d�r�o�g�e�n� 

�b�o�n�d�i�n�g� �s�i�t�e�s� �i�n� �a� �r�e�c�e�p�t�o�r� �m�o�l�e�c�u�l�e� �c�a�n� �a�l�s�o� �b�e� �i�d�e�n�t�i�f�i�e�d�.� 

�I�n� �t�h�i�s� �s�t�u�d�y�,� �t�h�e� �l�i�q�u�i�d� �p�h�a�s�e�  ��°�C� �D�N�P� �e�x�p�e�r�i�m�e�n�t� �w�a�s� �p�e�r�f�o�r�m�e�d� �o�n� �s�e�v�e�r�a�l� 

�o�r�g�a�n�i�c� �c�o�m�p�o�u�n�d�s� �w�h�i�c�h� �c�o�n�t�a�i�n� �e�i�t�h�e�r� �t�h�e� �c�a�r�b�o�n�y�l� �o�r� �n�i�t�r�o� �f�u�n�c�t�i�o�n�a�l� �g�r�o�u�p�s� �b�e�c�a�u�s�e� 

�t�h�e� �m�e�t�h�y�l� �o�r� �m�e�t�h�y�l�e�n�e� �g�r�o�u�p�s� �a�d�j�a�c�e�n�t� �t�o� �t�h�e�s�e� �f�u�n�c�t�i�o�n�a�l� �g�r�o�u�p�s� �h�a�v�e� �a�c�i�d�i�c� �c�a�r�b�o�n�-� 

�h�y�d�r�o�g�e�n� �b�o�n�d�s�.� �N�o�n�e� �o�f� �t�h�e�s�e� �m�o�l�e�c�u�l�e�s� �h�a�s� �b�e�e�n� �m�e�a�s�u�r�e�d� �b�y� �t�h�e� �f�l�o�w� �t�r�a�n�s�f�e�r�  ��°�C� 

�D�N�P� �t�e�c�h�n�i�q�u�e� �b�e�f�o�r�e�.� �I�n� �a�d�d�i�t�i�o�n�,� �n�o� �s�c�a�l�a�r� �d�o�m�i�n�a�t�e�d� �°�C� �D�N�P� �e�n�h�a�n�c�e�m�e�n�t�s� �h�a�v�e� 

�b�e�e�n� �o�b�s�e�r�v�e�d� �f�o�r� �t�h�e�s�e� �m�o�l�e�c�u�l�e�s�.� �T�o� �t�h�e� �d�a�t�e� �o�f� �t�h�e� �p�r�e�s�e�n�t� �w�o�r�k�,� �o�n�l�y� �a� �f�e�w� �(�l�e�s�s� �t�h�a�n� 

�t�e�n�)� �s�m�a�l�l� �o�r�g�a�n�i�c� �m�o�l�e�c�u�l�e�s� �u�s�u�a�l�l�y� �c�o�n�t�a�i�n�i�n�g� �h�a�l�o�g�e�n� �a�t�o�m�s�,� �s�u�c�h� �a�s� �c�h�l�o�r�o�f�o�r�m�,� 

�c�a�r�b�o�n� �t�e�t�r�a�c�h�l�o�r�i�d�e�,� �e�t�c�.� �h�a�v�e� �b�e�e�n� �r�e�p�o�r�t�e�d� �t�o� �h�a�v�e� �s�c�a�l�a�r� �'�3�C� �D�N�P� �e�n�h�a�n�c�e�m�e�n�t�s�.�*�*�> �� 

�T�h�e� �p�u�r�p�o�s�e� �o�f� �t�h�i�s� �w�o�r�k� �i�s� �t�o� �i�n�v�e�s�t�i�g�a�t�e� �t�h�e� �i�n�f�l�u�e�n�c�e� �o�f� �t�h�e� �c�a�r�b�o�n�y�l� �a�n�d� �n�i�t�r�o� 

�f�u�n�c�t�i�o�n�a�l� �g�r�o�u�p�s� �o�n� �t�h�e� �o�b�s�e�r�v�e�d� �D�N�P� �e�n�h�a�n�c�e�m�e�n�t� �o�f� �t�h�e� �c�a�r�b�o�n� �s�i�t�e� �a�d�j�a�c�e�n�t� �t�o� �t�h�e�m�,� 

�a�n�d� �t�o� �s�t�u�d�y� �t�h�e� �m�e�c�h�a�n�i�s�m� �t�h�a�t� �e�l�e�c�t�r�o�n� �s�p�i�n� �d�e�n�s�i�t�y� �t�r�a�n�s�f�e�r�s� �f�r�o�m� �T�E�M�P�O� �t�o� �t�h�e� 

�c�a�r�b�o�n� �n�u�c�l�e�u�s� �o�f� �a�n� �a�c�i�d�i�c� �C�-�H� �b�o�n�d� �t�h�r�o�u�g�h� �t�h�e� �w�e�a�k� �h�y�d�r�o�g�e�n� �b�o�n�d�i�n�g�.� 

�4�.�1�.�2� �S�o�l�u�t�i�o�n� �°�C� �D�N�P� �S�t�u�d�i�e�s� �o�f� �A�c�e�t�o�n�e� �a�n�d� �A�c�e�t�a�l�d�e�h�y�d�e� �w�i�t�h� �t�h�e� �F�r�e�e� 

�R�a�d�i�c�a�l� �T�E�M�P�O� 

�F�o�r� �a�c�e�t�o�n�e�,� �t�h�e� �'�3�C� �D�N�P� �u�l�t�i�m�a�t�e� �e�n�h�a�n�c�e�m�e�n�t� �a�t� �t�h�e� �a�-�c�a�r�b�o�n� �p�o�s�i�t�i�o�n� �e�x�h�i�b�i�t�s� 

�n�e�g�a�t�i�v�e� �p�e�a�k�s�,� �w�h�i�c�h� �m�e�a�n�s� �a� �d�i�p�o�l�a�r� �d�o�m�i�n�a�t�e�d� �i�n�t�e�r�a�c�t�i�o�n� �w�i�t�h� �T�E�M�P�O� �(�F�i�g�u�r�e� �4�.�1�)�.� 

�F�r�o�m� �T�a�b�l�e� �4�.�1�,� �i�t� �c�a�n� �b�e� �s�e�e�n� �t�h�a�t� �t�h�e� �u�l�t�i�m�a�t�e� �e�n�h�a�n�c�e�m�e�n�t� �o�f� �t�h�e� �a�-�c�a�r�b�o�n�s� �o�f� �t�h�i�s� 
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�(�a�)� �S�t�a�t�i�c� �N�M�R� �S�p�e�c�t�r�u�m� 

�9�7�.�2�6� 

� � � � 

� � 
� � 

�2�6�.�9�0� 

�3�0�.�4�0� 

�1�0�0� �s�c�a�n�s� 

�2�0�3�.�9�1� 

�(�b�)� �D�N�P� �S�p�e�c�t�r�u�m� 

�9�7�.�2�6� 

�1�0�0� �s�c�a�n�s� 

�h� 
�3�0�.�4�0�"�  ��3�6�.�9�0� 

�2�0�3�.�9�1� 

�F�i�g�u�r�e� �4�.�1�.� �L�i�q�u�i�d� �P�h�a�s�e� �'�3�C� �N�M�R� �(�5�0�.�1� �M�H�z�)� �a�n�d� �D�N�P� �S�p�e�c�t�r�a� �f�o�r� �A�c�e�t�o�n�e�/�C�a�r�b�o�n� 
�t�e�t�r�a�c�h�l�o�r�i�d�e�/�C�y�c�l�o�h�e�x�a�n�e� �(�2�0�/�7�0�/�1�0�,� �v�/�v�%�)�/�0�.�1� �M� �T�E�M�P�O�:� �(�a�)� �S�t�a�t�i�c� �N�M�R� 
�S�p�e�c�t�r�u�m� �(�1�0�0� �S�c�a�n�s�)�;� �(�b�)� �F�l�o�w� �T�r�a�n�s�f�e�r� �D�N�P� �S�p�e�c�t�r�u�m� �(�6�m�L�/�m�i�n�,� �1�0�0� 
�S�c�a�n�s�)�.� 
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�T�a�b�l�e� �4�.�1�.� �L�i�q�u�i�d� �P�h�a�s�e� �'�?�C� �D�N�P� �E�n�h�a�n�c�e�m�e�n�t� �a�n�d� �R�e�l�a�x�a�t�i�o�n� �D�a�t�a� �f�o�r� 
�A�c�e�t�o�n�e�/�C�a�r�b�o�n� �t�e�t�r�a�c�h�l�o�r�i�d�e�/�C�y�c�l�o�h�e�x�a�n�e� �(�2�0�/�7�0�/�1�0�,� �v�/�v�%�)�/�0�.�1� �M� 

� � 

� � 

� � 

� � 

�T�E�M�P�O� �S�y�s�t�e�m� 

�C�a�r�b�o�n� �T�y�p�e�}� �P�e�a�k �� �T�i�o�°� �T�°� �f�°� �A�w� �r�e�s� 
�P�o�s�i�t�i�o�n� �(�S�e�c�.�)� �(�S�e�c�.�)� 

�(�p�p�m� �)� 
�C�-�1� �3�0�.�4�0� �2�1�.�7� �4�.�0�9� �0�.�8�1�1� �-�8�4�.�2�+�1�2�.�6� 

�C�-�2� �2�0�3�.�9�1� �2�3�.�4� �3�.�9�4� �0�.�8�3�1� �-�7�4�4�+�1�1�2� 

�C�e�6�H�i�2� �2�6�.�9�0� �2�7�.�2� �3�.�8�1� �0�.�8�6�0� �-�2�7�0�+�4�0� � � � � � � � � � � � � � � � � 

�O� 

�-�~� 

�N�o�t�e�:� 

�(�a�)� �R�a�t�i�o� �m�e�t�h�o�d� �w�a�s� �u�s�e�d� �t�o� �c�a�l�c�u�l�a�t�e� �t�h�e� �D�N�P� �u�l�t�i�m�a�t�e� �e�n�h�a�n�c�e�m�e�n�t�s� 

�(�b�)� �'�H� �b�r�o�a�d�-�b�a�n�d� �d�e�c�o�u�p�l�i�n�g� �w�a�s� �e�m�p�l�o�y�e�d� �t�o� �e�l�i�m�i�n�a�t�e� �p�r�o�t�o�n�-�c�a�r�b�o�n� �c�o�u�p�l�i�n�g�.� 

�(�c�)� �T�,� �a�n�d� �T�i�o� �a�r�e� �t�h�e� �s�p�i�n�-�l�a�t�t�i�c�e� �r�e�l�a�x�a�t�i�o�n� �t�i�m�e�s� �o�f� �t�h�e� �c�a�r�b�o�n� �n�u�c�l�e�i� �w�i�t�h� �a�n�d� �w�i�t�h�o�u�t� 
�T�E�M�P�O� �i�n� �t�h�e� �s�a�m�p�l�e� �s�o�l�u�t�i�o�n�,� �r�e�s�p�e�c�t�i�v�e�l�y�.� 

�(�d�)� �T�h�e� �l�e�a�k�a�g�e� �f�a�c�t�o�r� �f� �w�a�s� �c�a�l�c�u�l�a�t�e�d� �b�a�s�e�d� �o�n� �T�;� �m�e�a�s�u�r�e�m�e�n�t�s� �a�t� �4�.�7� �T� �m�a�g�n�e�t�i�c� �f�i�e�l�d�.� 

�(�e�)� �T�h�e� �0�.�3�3� �T� �'�3�C� �D�N�P� �e�n�h�a�n�c�e�m�e�n�t�s� �w�e�r�e� �m�o�n�i�t�o�r�e�d� �a�t� �4�.�7� �T�.� �A�l�l� �d�a�t�a� �w�a�s� �o�b�t�a�i�n�e�d� �a�t� 
�r�o�o�m� �t�e�m�p�e�r�a�t�u�r�e�.� 

�(�f�)� �C�y�c�l�o�h�e�x�a�n�e� �w�a�s� �u�s�e�d� �a�s� �t�h�e� �r�e�f�e�r�e�n�c�e� �c�o�m�p�o�u�n�d� �w�i�t�h� �A�t� �=�  ��2�7�0�+� �4�0�.� 

�(�g�)� �T�h�e� �u�l�t�i�m�a�t�e� �'�3�C� �D�N�P� �e�n�h�a�n�c�e�m�e�n�t� �A�.� �i�s� �a�n� �a�v�e�r�a�g�e� �v�a�l�u�e� �o�f� �f�o�u�r� �m�e�a�s�u�r�e�m�e�n�t�s� �a�t� 
�d�i�f�f�e�r�e�n�t� �p�o�w�e�r� �l�e�v�e�l�s�.� �T�h�e� �e�s�t�i�m�a�t�e�d� �r�e�l�a�t�i�v�e� �s�t�a�n�d�a�r�d� �d�e�v�i�a�t�i�o�n� �f�o�r� �A�.� �i�s� �a�b�o�u�t� �1�5�%�.� 
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�c�o�m�p�o�u�n�d� �i�s� �f�a�r� �a�w�a�y� �f�r�o�m� �t�h�e� �d�i�p�o�l�a�r� �l�i�m�i�t� �o�f� �c�a�r�b�o�n�-�1�3� �(�-�1�3�1�0�)�.� �T�h�e� �s�m�a�l�l� �d�i�p�o�l�a�r� 

�e�n�h�a�n�c�e�m�e�n�t� �i�s� �a�t�t�r�i�b�u�t�e�d� �t�o� �t�h�e� �e�x�i�s�t�e�n�c�e� �o�f� �a� �f�a�i�r�l�y� �l�a�r�g�e� �s�c�a�l�a�r� �c�o�m�p�o�n�e�n�t� �w�h�i�c�h� 

�c�o�n�t�r�i�b�u�t�e�s� �t�o� �t�h�e� �u�l�t�i�m�a�t�e� �e�n�h�a�n�c�e�m�e�n�t�.� �T�h�i�s� �i�n�t�e�r�p�r�e�t�a�t�i�o�n� �i�s� �b�a�s�e�d� �o�n� �t�h�e� �N�M�R� �c�o�n�t�a�c�t� 

�s�h�i�f�t� �s�t�u�d�y� �o�f� �t�h�i�s� �m�o�l�e�c�u�l�e� �c�o�n�d�u�c�t�e�d� �b�y� �M�o�r�i�s�h�i�m�a� �e�t� �a�l�.�.�.� �A�c�c�o�r�d�i�n�g� �t�o� �t�h�e�i�r� �r�e�s�u�l�t�s�,� �a� 

�s�i�z�a�b�l�e� �d�o�w�n�f�i�e�l�d� �'�°�C� �c�o�n�t�a�c�t� �s�h�i�f�t� �h�a�s� �b�e�e�n� �o�b�s�e�r�v�e�d� �f�o�r� �t�h�e� �m�e�t�h�y�l� �g�r�o�u�p� �w�h�e�n� �a�c�e�t�o�n�e� 

�i�n�t�e�r�a�c�t�e�d� �w�i�t�h� �t�h�e� �n�i�t�r�o�x�i�d�e� �f�r�e�e� �r�a�d�i�c�a�l� �D�T�B�N�.� �A�s� �m�e�n�t�i�o�n�e�d� �i�n� �C�h�a�p�t�e�r� �2�,� �w�h�e�n� �a� 

�e�l�e�c�t�r�o�n� �s�p�i�n� �d�e�n�s�i�t�y� �i�s� �t�r�a�n�s�f�e�r�r�e�d� �f�r�o�m� �t�h�e� �f�r�e�e� �r�a�d�i�c�a�l� �t�o� �t�h�e� �n�u�c�l�e�u�s� �o�f� �i�n�t�e�r�e�s�t� �t�h�r�o�u�g�h� 

�t�h�e� �c�o�n�t�a�c�t� �i�n�t�e�r�a�c�t�i�o�n� �(�o�r� �s�c�a�l�a�r� �i�n�t�e�r�a�c�t�i�o�n�)�,� �a� �N�M�R� �c�o�n�t�a�c�t� �s�h�i�f�t� �c�a�n� �b�e� �o�b�s�e�r�v�e�d�.� 

�T�h�e�r�e�f�o�r�e�,� �t�h�e� �o�b�s�e�r�v�e�d� �'�°�C� �N�M�R� �c�o�n�t�a�c�t� �s�h�i�f�t� �f�o�r� �t�h�e� �a�-�c�a�r�b�o�n� �o�f� �a�c�e�t�o�n�e� �i�n� �t�h�e� 

�p�r�e�s�e�n�c�e� �o�f� �n�i�t�r�o�x�i�d�e� �f�r�e�e� �r�a�d�i�c�a�l!"� �s�u�g�g�e�s�t�s� �t�h�a�t� �a� �s�i�z�a�b�l�e� �s�c�a�l�a�r� �c�o�m�p�o�n�e�n�t� �m�a�y� �e�x�i�s�t� �i�n� 

�t�h�e� �°�C� �D�N�P� �e�n�h�a�n�c�e�m�e�n�t� �o�f� �t�h�e� �a�c�e�t�o�n�e�/�T�E�M�P�O� �s�y�s�t�e�m�.� �M�u�c�h� �l�a�r�g�e�r� �d�i�p�o�l�a�r� 

�d�o�m�i�n�a�t�e�d� �'�°�C� �D�N�P� �e�n�h�a�n�c�e�m�e�n�t� �i�s� �o�b�s�e�r�v�e�d� �f�o�r� �t�h�e� �c�a�r�b�o�n�y�l� �g�r�o�u�p� �o�f� �a�c�e�t�o�n�e� �(�T�a�b�l�e� 

�4�.�1�)�,� �i�n�d�i�c�a�t�i�n�g� �a� �m�u�c�h� �s�m�a�l�l�e�r� �s�c�a�l�a�r� �c�o�m�p�o�n�e�n�t� �i�n� �t�h�e� �e�n�h�a�n�c�e�m�e�n�t�.� �T�h�i�s� �r�e�s�u�l�t� �i�s� �a�l�s�o� 

�c�o�n�s�i�s�t�e�n�t� �w�i�t�h� �t�h�e� �'�°�C� �N�M�R� �c�o�n�t�a�c�t� �s�h�i�f�t� �r�e�s�u�l�t� �o�b�s�e�r�v�e�d� �b�y� �M�o�r�i�s�h�i�m�a� �e�t� �a�l�.� �f�o�r� �t�h�e� 

�c�a�r�b�o�n�y�l� �g�r�o�u�p� �o�f� �a�c�e�t�o�n�e�,� �t�h�a�t� �i�s�,� �a� �s�m�a�l�l�e�r� �'�3�C� �c�o�n�t�a�c�t� �s�h�i�f�t� �w�a�s� �o�b�s�e�r�v�e�d� �f�o�r� �t�h�e� 

�c�a�r�b�o�n�y�l� �g�r�o�u�p� �o�f� �a�c�e�t�o�n�e�.� 

�F�o�r� �a�c�e�t�a�l�d�e�h�y�d�e�,� �a� �p�o�s�i�t�i�v�e� �D�N�P� �e�n�h�a�n�c�e�m�e�n�t� �w�a�s� �o�b�s�e�r�v�e�d� �a�t� �t�h�e� �a�-�c�a�r�b�o�n� �s�i�t�e�,� 

�i�n�d�i�c�a�t�i�n�g� �a� �s�c�a�l�a�r� �d�o�m�i�n�a�t�e�d� �i�n�t�e�r�a�c�t�i�o�n� �w�i�t�h� �T�E�M�P�O� �(�F�i�g�u�r�e�s� �4�.�2�,� �T�a�b�l�e� �4�.�2�)�.� 

�O�b�v�i�o�u�s�l�y�,� �i�n� �c�o�m�p�a�r�i�s�o�n� �w�i�t�h� �a�c�e�t�o�n�e�,� �t�h�e� �m�e�t�h�y�l� �g�r�o�u�p� �o�f� �a�c�e�t�a�l�d�e�h�y�d�e� �h�a�s� �a� �m�u�c�h� 

�l�a�r�g�e�r� �s�c�a�l�a�r� �c�o�m�p�o�n�e�n�t� �i�n� �t�h�e� �'�3�C� �D�N�P� �e�n�h�a�n�c�e�m�e�n�t�.� �T�h�e� �°�C� �N�M�R� �c�o�n�t�a�c�t� �s�h�i�f�t�s� �h�a�v�e� 
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�(�a�)� �S�t�a�t�i�c� �N�M�R� �S�p�e�c�t�r�u�m� 

� � �h�k� �o�k� �n�h� �n�e� 
� � 

�(�b�)� �D�N�P� �S�p�e�c�t�r�u�m� 

�y� �V�f� 

� � 
� � 

 ��y� �T�E� �r� �T�  �� �a� �T�v� �*� �T� �T�T� �7� �T� �v� �7� �4�]� �q� �t�T� �T� �v� �l� �T� �t�T� �¥� �m�s� �T� �7� �e� 

�2�5�0�.�0�0� �2�0�0�.�0�0� �1�5�0�.�0�0� �1�0�0�.�0�0� �5�0�.�0�0� �0�.�0�0� 
�p�p�m� 

�6�m�i�f�m�i�n� �2�0�%� �a�c�e�t�a�i�d�e�h�y�d�e� �0�.�1�M� �T�E�M�P�O� 
�i�n� �C�6�H�6� �3�0�0� �s�c�a�n�s� �1�0�w� �d�n�p� 

�F�i�g�u�r�e� �4�.�2�.� �L�i�q�u�i�d� �P�h�a�s�e� �'�C� �N�M�R� �(�5�0�.�1� �M�H�z�)� �a�n�d� �D�N�P� �S�p�e�c�t�r�a� �f�o�r� 
�A�c�e�t�a�l�d�e�h�y�d�e�/�B�e�n�z�e�n�e� �(�2�0�/�8�0�,� �v�/�v�%�)�/�0�.�1� �M� �T�E�M�P�O�:� �(�a�)� �S�t�a�t�i�c� �N�M�R� 
�S�p�e�c�t�r�u�m� �(�8�6�0� �S�c�a�n�s�)�;� �(�b�)� �F�l�o�w� �T�r�a�n�s�f�e�r� �D�N�P� �S�p�e�c�t�r�u�m� �(�6�m�L�/�m�i�n�,� �3�0�0� 
�S�c�a�n�s�)�.� 
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�T�a�b�l�e� �4�.�2�.� �L�i�q�u�i�d� �P�h�a�s�e�  ��°�C� �D�N�P� �E�n�h�a�n�c�e�m�e�n�t� �a�n�d� �R�e�l�a�x�a�t�i�o�n� �D�a�t�a� �f�o�r� 
�A�c�e�t�a�l�d�e�h�y�d�e�/�B�e�n�z�e�n�e� �(�2�0�/�8�0�,� �v�/�v�%�)�/�0�.�1� �M� �T�E�M�P�O� �S�y�s�t�e�m� 

� � 

� � 

� � 

� � � � � � � � � � � � � � � � � � 

�C�a�r�b�o�n� �T�y�p�e�|� �P�e�a�k �� �T�i�o�°� �T�°� �f�°� �A�w� �o�s� 
�P�o�s�i�t�i�o�n� �(�S�e�c�.�)� �(�S�e�c�.�)� 

�(�p�p�m� �)� 

�C�-�1� �1�9�8�.�2�6� �1�5�.�1� �1�.�7�5� �0�.�8�8�4� �-�2�3�6�+�3�5� 

�C�-�2� �3�0�.�2�6� �1�3�.�1� �1�.�4�1� �0�.�8�9�2� �9�6�.�2�+�1�4� 

�C�e�H�e� �1�2�8�.�5�0� �1�9�.�2� �1�.�9�7� �0�.�8�9�8� �-�2�0�0�+�3�0� 

�O� 
�_� �4� 

�2� �1� 

�N�o�t�e�:� 

�(�a�)� �R�a�t�i�o� �m�e�t�h�o�d� �w�a�s� �u�s�e�d� �t�o� �c�a�l�c�u�l�a�t�e� �t�h�e� �D�N�P� �u�l�t�i�m�a�t�e� �e�n�h�a�n�c�e�m�e�n�t�s� 

�(�b�)� �'�H� �b�r�o�a�d�-�b�a�n�d� �d�e�c�o�u�p�l�i�n�g� �w�a�s� �e�m�p�l�o�y�e�d� �t�o� �e�l�i�m�i�n�a�t�e� �p�r�o�t�o�n�-�c�a�r�b�o�n� �c�o�u�p�l�i�n�g�.� 

�(�c�)� �T�,� �a�n�d� �T�i�o� �a�r�e� �t�h�e� �s�p�i�n�-�l�a�t�t�i�c�e� �r�e�l�a�x�a�t�i�o�n� �t�i�m�e�s� �o�f� �t�h�e� �c�a�r�b�o�n� �n�u�c�l�e�i� �w�i�t�h� �a�n�d� �w�i�t�h�o�u�t� 
�T�E�M�P�O� �i�n� �t�h�e� �s�a�m�p�l�e� �s�o�l�u�t�i�o�n�,� �r�e�s�p�e�c�t�i�v�e�l�y�.� 

�(�d�)� �T�h�e� �l�e�a�k�a�g�e� �f�a�c�t�o�r� �f�w�a�s� �c�a�l�c�u�l�a�t�e�d� �b�a�s�e�d� �o�n� �T�;� �m�e�a�s�u�r�e�m�e�n�t�s� �a�t� �4�.�7� �T� �m�a�g�n�e�t�i�c� �f�i�e�l�d�.� 

�(�e�)� �T�h�e� �0�.�3�3� �T� �'�°�C� �D�N�P� �e�n�h�a�n�c�e�m�e�n�t�s� �w�e�r�e� �m�o�n�i�t�o�r�e�d� �a�t� �4�.�7� �T�.� �A�l�l� �d�a�t�a� �w�a�s� �o�b�t�a�i�n�e�d� �a�t� 
�r�o�o�m� �t�e�m�p�e�r�a�t�u�r�e�.� 

�(�f�)� �B�e�n�z�e�n�e� �w�a�s� �u�s�e�d� �a�s� �t�h�e� �r�e�f�e�r�e�n�c�e� �c�o�m�p�o�u�n�d� �w�i�t�h� �4 �� �=� �-�2�0�0� �+� �3�0�.� 

�(�g�)� �T�h�e� �u�l�t�i�m�a�t�e� �'�°�C� �D�N�P� �e�n�h�a�n�c�e�m�e�n�t� �A�.�,� �i�s� �a�n� �a�v�e�r�a�g�e� �v�a�l�u�e� �o�f� �f�o�u�r� �m�e�a�s�u�r�e�m�e�n�t�s� �a�t� 
�d�i�f�f�e�r�e�n�t� �p�o�w�e�r� �l�e�v�e�l�s�.� �T�h�e� �e�s�t�i�m�a�t�e�d� �r�e�l�a�t�i�v�e� �s�t�a�n�d�a�r�d� �d�e�v�i�a�t�i�o�n� �f�o�r� �A�.� �i�s� �a�b�o�u�t� �1�5�%�.� 
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�a�l�s�o� �s�h�o�w�n� �t�h�e� �s�a�m�e� �t�r�e�n�d� �f�o�r� �t�h�e� �m�e�t�h�y�l� �g�r�o�u�p�s� �o�f� �t�h�e�s�e� �t�w�o� �m�o�l�e�c�u�l�e�s�.� �S�p�e�c�i�f�i�c�a�l�l�y�,� 

�w�i�t�h� �t�h�e� �s�a�m�e� �f�r�e�e� �r�a�d�i�c�a�l� �c�o�n�c�e�n�t�r�a�t�i�o�n�,� �t�h�e� �'�°�C� �c�o�n�t�a�c�t� �s�h�i�f�t� �f�o�r� �t�h�e� �m�e�t�h�y�l� �g�r�o�u�p� �i�s� 

�a�b�o�u�t� �t�w�o� �t�i�m�e�s� �l�a�r�g�e�r� �t�h�a�n� �t�h�a�t� �o�f� �a�c�e�t�o�n�e�. �� �I�n� �c�o�m�p�a�r�i�s�o�n� �w�i�t�h� �a�c�e�t�o�n�e�,� �a� �s�m�a�l�l�e�r� 

�d�i�p�o�l�a�r� �d�o�m�i�n�a�t�e�d� �e�n�h�a�n�c�e�m�e�n�t� �i�s� �o�b�s�e�r�v�e�d� �f�o�r� �t�h�e� �c�a�r�b�o�n�y�l� �g�r�o�u�p� �o�f� �a�c�e�t�a�l�d�e�h�y�d�e� 

�(�T�a�b�l�e� �4�.�2�)�.� �T�h�i�s� �i�s� �i�n�t�e�r�p�r�e�t�e�d� �a�s� �t�h�e� �p�r�e�s�e�n�c�e� �o�f� �l�a�r�g�e�r� �s�c�a�l�a�r� �c�o�n�t�r�i�b�u�t�i�o�n� �f�o�r� �t�h�e� �D�N�P� 

�e�n�h�a�n�c�e�m�e�n�t�.� �T�h�e� �s�u�p�p�o�r�t�i�n�g� �e�v�i�d�e�n�c�e� �f�o�r� �t�h�i�s� �i�n�t�e�r�p�r�e�t�a�t�i�o�n� �c�o�m�e�s� �f�r�o�m� �t�h�e� �l�a�r�g�e�r� �°�C� 

�c�o�n�t�a�c�t� �s�h�i�f�t� �o�f� �t�h�e� �c�a�r�b�o�n�y�l� �g�r�o�u�p� �o�f� �a�c�e�t�a�l�d�e�h�y�d�e�.!"� 

�P�r�e�v�i�o�u�s� �'�H� �a�n�d� �'�°�C� �D�N�P� �s�t�u�d�i�e�s� �o�f� �s�e�v�e�r�a�l� �p�r�o�t�i�c� �o�r�g�a�n�i�c� �m�o�l�e�c�u�l�e�s� �h�a�v�e� 

�i�n�d�i�c�a�t�e�d� �t�h�a�t� �w�e�a�k� �a�c�i�d�i�t�y� �o�f� �t�h�e� �C�-�H� �b�o�n�d� �i�n� �t�h�e� �p�r�o�t�i�c� �m�o�l�e�c�u�l�e�s� �c�a�n� �b�e� �s�e�n�s�e�d� �b�y� �t�h�e� 

�s�c�a�l�a�r� �c�o�m�p�o�n�e�n�t� �i�n� �t�h�e� �D�N�P� �e�n�h�a�n�c�e�m�e�n�t�.� �'�?�!�?�2�-� �T�r�a�n�s�i�e�n�t� �h�y�d�r�o�g�e�n� �b�o�n�d�i�n�g� �b�e�t�w�e�e�n� 

�t�h�e� �a�c�i�d�i�c� �C�-�H� �b�o�n�d� �a�n�d� �t�h�e� �f�r�e�e� �r�a�d�i�c�a�l� �w�a�s� �b�e�l�i�e�v�e�d� �t�o� �b�e� �a�b�l�e� �t�o� �p�r�o�m�o�t�e� �t�h�e� �e�l�e�c�t�r�o�n� 

�s�p�i�n� �d�e�n�s�i�t�y� �t�r�a�n�s�f�e�r� �f�r�o�m� �t�h�e� �f�r�e�e� �r�a�d�i�c�a�l� �t�o� �t�h�e� �c�a�r�b�o�n� �o�r� �h�y�d�r�o�g�e�n� �n�u�c�l�e�i�.�'�*�!�?�>�©�,� 

�H�o�w�e�v�e�r�,� �u�p� �t�o� �t�h�i�s� �d�a�t�e�,� �a� �c�l�e�a�r� �m�e�c�h�a�n�i�s�m� �h�a�s� �n�o�t� �b�e�e�n� �r�e�p�o�r�t�e�d� �t�o� �d�e�s�c�r�i�b�e� �t�h�e� 

�e�l�e�c�t�r�o�n� �s�p�i�n� �t�r�a�n�s�f�e�r� �p�r�o�c�e�s�s� �t�h�r�o�u�g�h� �t�h�e� �t�r�a�n�s�i�e�n�t� �h�y�d�r�o�g�e�n� �b�o�n�d�i�n�g� �b�e�t�w�e�e�n� �t�h�e� �a�c�i�d�i�c� 

�C�-�H� �b�o�n�d� �a�n�d� �t�h�e� �n�i�t�r�o�x�i�d�e� �f�r�e�e� �r�a�d�i�c�a�l� �f�o�r� �'�*�C� �D�N�P� �e�x�p�e�r�i�m�e�n�t�s�.� �M�o�r�i�s�h�i�m�a� �e�t� �a�l� �h�a�v�e� 

�p�r�o�p�o�s�e�d� �a� �s�p�i�n� �p�o�l�a�r�i�z�a�t�i�o�n� �m�e�c�h�a�n�i�s�m� �t�o� �i�n�t�e�r�p�r�e�t� �t�h�e�i�r� �'�H� �a�n�d� �'�°�C� �N�M�R� �c�o�n�t�a�c�t� �s�h�i�f�t� 

�r�e�s�u�l�t�s� �o�f� �a� �s�e�r�i�e�s� �o�f� �p�r�o�t�i�c� �o�r�g�a�n�i�c� �m�o�l�e�c�u�l�e�s� �w�h�i�c�h� �i�n�t�e�r�a�c�t� �w�i�t�h� �t�h�e� �n�i�t�r�o�x�i�d�e� �f�r�e�e� 

�r�a�d�i�c�a�l� �t�h�r�o�u�g�h� �w�e�a�k� �h�y�d�r�o�g�e�n� �b�o�n�d�i�n�g�. �� �T�h�e� �s�p�i�n� �p�o�l�a�r�i�z�a�t�i�o�n� �m�e�c�h�a�n�i�s�m� �h�a�s� �p�r�o�v�e�n� 

�t�o� �b�e� �h�e�l�p�f�u�l� �f�o�r� �i�n�t�e�r�p�r�e�t�i�n�g� �m�o�s�t� �o�f� �t�h�e� �N�M�R� �c�o�n�t�a�c�t� �s�h�i�f�t� �r�e�s�u�l�t�s� �a�n�d� �h�a�s� �b�e�e�n� 

�6�6�-�7�1� �s�u�p�p�o�r�t�e�d� �b�y� �s�o�m�e� �e�x�p�e�r�i�m�e�n�t�a�l� �e�v�i�d�e�n�c�e�.�  ��3� �A�c�c�o�r�d�i�n�g� �t�o� �M�o�r�i�s�h�i�m�a ��s� �m�o�d�e�l�,� �w�e�a�k� 

�h�y�d�r�o�g�e�n� �b�o�n�d�i�n�g� �b�e�t�w�e�e�n� �t�h�e� �a�c�i�d�i�c� �h�y�d�r�o�g�e�n� �a�n�d� �t�h�e� �f�r�e�e� �r�a�d�i�c�a�l�,� �w�h�i�c�h� �h�a�s� �a� �p�o�s�i�t�i�v�e� 

�7�7



�u�n�p�a�i�r�e�d� �e�l�e�c�t�r�o�n� �s�p�i�n� �d�e�n�s�i�t�y�,� �w�i�l�l� �i�n�d�u�c�e� �a�n� �e�x�c�e�s�s� �n�e�g�a�t�i�v�e� �e�l�e�c�t�r�o�n� �s�p�i�n� �o�n� �t�h�e� 

�h�y�d�r�o�g�e�n� �n�u�c�l�e�u�s�,� �a�n�d� �a� �p�o�s�i�t�i�v�e� �e�x�c�e�s�s� �e�l�e�c�t�r�o�n� �s�p�i�n� �d�e�n�s�i�t�y� �o�n� �t�h�e� �c�a�r�b�o�n� �n�u�c�l�e�u�s�.� �A�s� 

�m�e�n�t�i�o�n�e�d� �i�n� �C�h�a�p�t�e�r� �2�,� �a�n� �e�x�c�e�s�s� �p�o�s�i�t�i�v�e� �e�l�e�c�t�r�o�n� �s�p�i�n� �d�e�n�s�i�t�y� �a�t� �t�h�e� �n�u�c�l�e�u�s� �w�i�l�l� �c�a�u�s�e� 

�a� �d�o�w�n�f�i�e�l�d� �N�M�R� �c�o�n�t�a�c�t� �s�h�i�f�t�,� �a�n� �e�x�c�e�s�s� �n�e�g�a�t�i�v�e� �e�l�e�c�t�r�o�n� �s�p�i�n� �d�e�n�s�i�t�y� �w�i�l�l� �c�a�u�s�e� �a�n� 

�u�p�f�i�e�l�d� �N�M�R� �c�o�n�t�a�c�t� �s�h�i�f�t�.� �T�h�e� �'�*�C� �N�M�R� �c�o�n�t�a�c�t� �s�h�i�f�t� �r�e�s�u�l�t�s� �o�b�t�a�i�n�e�d� �b�y� �M�o�r�i�s�h�i�m�a� �e�t� 

�a�l�.� �h�a�v�e� �s�h�o�w�n� �t�h�a�t� �t�h�e� �s�t�r�o�n�g�e�r� �t�h�e� �h�y�d�r�o�g�e�n� �b�o�n�d�i�n�g� �b�e�t�w�e�e�n� �t�h�e� �a�c�i�d�i�c� �C�-�H� �b�o�n�d� �a�n�d� 

�t�h�e� �n�i�t�r�o�x�i�d�e� �f�r�e�e� �r�a�d�i�c�a�l�,� �t�h�e� �l�a�r�g�e�r� �t�h�e� �c�a�r�b�o�n�-�1�3� �c�o�n�t�a�c�t� �s�h�i�f�t�.�°�~ ��'� �C�o�n�c�e�p�t�u�a�l�l�y�,� �t�h�e� 

�F�e�r�m�i� �i�n�t�e�r�a�c�t�i�o�n� �i�n� �t�h�e� �N�M�R� �c�o�n�t�a�c�t� �s�h�i�f�t� �e�x�p�e�r�i�m�e�n�t� �i�s� �t�h�e� �s�a�m�e� �a�s� �t�h�e� �s�c�a�l�a�r� 

�i�n�t�e�r�a�c�t�i�o�n� �o�f� �t�h�e� �D�N�P� �e�x�p�e�r�i�m�e�n�t� �e�x�c�e�p�t� �t�h�a�t� �t�h�e� �m�a�g�n�i�t�u�d�e� �o�f� �t�h�e� �s�c�a�l�a�r� �i�n�t�e�r�a�c�t�i�o�n� �i�n� �a� 

�D�N�P� �e�x�p�e�r�i�m�e�n�t� �d�e�p�e�n�d�s� �o�n� �t�h�e� �c�o�r�r�e�l�a�t�i�o�n� �t�i�m�e� �o�f� �t�h�e� �s�a�m�p�l�e� �m�o�l�e�c�u�l�e� �a�n�d� �t�h�e� �a�p�p�l�i�e�d� 

�m�a�g�n�e�t�i�c� �f�i�e�l�d� �s�t�r�e�n�g�t�h�.� �B�u�t� �t�h�i�s� �d�e�p�e�n�d�e�n�c�e� �d�o�e�s� �n�o�t� �a�f�f�e�c�t� �t�h�e� �e�l�e�c�t�r�o�n� �s�p�i�n� �t�r�a�n�s�f�e�r� 

�m�e�c�h�a�n�i�s�m�.� �T�h�e�r�e�f�o�r�e�,� �i�n� �t�h�i�s� �w�o�r�k�,� �t�h�e� �s�p�i�n� �p�o�l�a�r�i�z�a�t�i�o�n� �m�o�d�e�l� �i�s� �u�s�e�d�,� �f�o�r� �t�h�e� �f�i�r�s�t� �t�i�m�e�,� 

�t�o� �e�x�p�l�a�i�n� �t�h�e�  ��°�C� �D�N�P� �r�e�s�u�l�t�s�.� �A�n� �i�l�l�u�s�t�r�a�t�i�o�n� �o�f� �t�h�e� �s�p�i�n� �p�o�l�a�r�i�z�a�t�i�o�n� �m�e�c�h�a�n�i�s�m� �f�o�r� 

�i�n�t�e�r�p�r�e�t�i�n�g� �t�h�e� �'�°�C� �D�N�P� �r�e�s�u�l�t�s� �o�f� �t�h�i�s� �w�o�r�k� �i�s� �s�h�o�w�n� �i�n� �F�i�g�u�r�e� �4�.�3�.� 

�B�y� �c�o�m�p�a�r�i�n�g� �t�h�e� �p�K�,� �v�a�l�u�e�s� �o�f� �t�h�e� �a�-�H� �o�f� �a�c�e�t�o�n�e� �a�n�d� �a�c�e�t�a�l�d�e�h�y�d�e� �(�T�a�b�l�e� 

�4�.�3�)�,�/�4�"� �i�t� �w�a�s� �f�o�u�n�d� �t�h�a�t� �t�h�e� �a�-�H� �o�f� �a�c�e�t�a�l�d�e�h�y�d�e� �i�s� �m�o�r�e� �a�c�i�d�i�c� �t�h�a�n� �t�h�a�t� �o�f� �a�c�e�t�o�n�e�,� 

�w�h�i�c�h� �s�u�g�g�e�s�t�s� �a� �s�t�r�o�n�g�e�r� �h�y�d�r�o�g�e�n� �b�o�n�d� �c�a�n� �b�e� �f�o�r�m�e�d� �b�e�t�w�e�e�n� �T�E�M�P�O� �a�n�d� �t�h�e� 

�p�r�o�t�o�n�s� �a�t� �t�h�e� �a�-�c�a�r�b�o�n� �s�i�t�e� �o�f� �t�h�e� �a�c�e�t�a�l�d�e�h�y�d�e�.� �A�c�c�o�r�d�i�n�g� �t�o� �t�h�e� �e�l�e�c�t�r�o�n� �s�p�i�n� 

�p�o�l�a�r�i�z�a�t�i�o�n� �m�e�c�h�a�n�i�s�m�,� �a� �l�a�r�g�e�r� �a�m�o�u�n�t� �o�f� �p�o�s�i�t�i�v�e� �e�x�c�e�s�s� �e�l�e�c�t�r�o�n� �s�p�i�n� �d�e�n�s�i�t�y� �c�a�n� �b�e� 

�i�n�d�u�c�e�d� �a�t� �t�h�e� �c�a�r�b�o�n� �n�u�c�l�e�u�s� �o�f� �t�h�e� �m�e�t�h�y�l� �g�r�o�u�p� �o�f� �a�c�e�t�a�l�d�e�h�y�d�e� �t�h�a�n� �t�h�a�t� �o�f� �a�c�e�t�o�n�e�.� 
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�A�c�e�t�o�n�e�/�T�E�M�P�O� 

�M�e�t�h�y�l� �H�y�d�r�o�g�e�n� �S�i�t�e�:� 

�C�H�3� 

� � � � 

� � � 
�0� �Y� �H�3�C� 

�H�y� �a�l� �o�y� �4� 
�C�H�3 �� �C �� �r �� �H�-�-�-�-�-�O ��N� �C�H� 

� � 

�H� 
�H�3�C� 

�A�c�e�t�a�l�d�e�h�y�d�e�/�T�E�M�P�O� 

�F�o�r�m�y�!� �H�y�d�r�o�g�e�n� �S�i�t�e�:� 

�H� 
�r� �+� 

�H�-�C ��C ��H�-�-�-�-�Q ��N� �H�3� 
�y�t� 

�M�e�t�h�y�l� �H�y�d�r�o�g�e�n� �S�i�t�e�:� 

�H�3�¢� �,�C�H�3� �H� 
�f�t� �y�a�l� 

�H�3�c� �N ��O�-�-�-�-�-� �H ��C ��C�_�_� 
�|� �H� 

�H� 
�C�H�3� 

�F�i�g�u�r�e� �4�.�3� �I�n�t�e�r�m�o�l�e�c�u�l�a�r� �E�l�e�c�t�r�o�n� �S�p�i�n� �P�o�l�a�r�i�z�a�t�i�o�n� �M�e�c�h�a�n�i�s�m� �f�o�r� 
�A�c�e�t�o�n�e�/�T�E�M�P�O� �a�n�d� �A�c�e�t�a�l�d�e�h�y�d�e�/�T�E�M�P�O� �S�y�s�t�e�m�s� 
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�T�a�b�l�e� �4�.�3�.� �'�°�C� �D�N�P� �E�n�h�a�n�c�e�m�e�n�t�s� �a�n�d� �t�h�e� �p�K�a� �V�a�l�u�e�s� �o�f� �C�-�H� 
�B�o�n�d� �f�o�r� �A�c�e�t�o�n�e� �a�n�d� �A�c�e�t�a�l�d�e�h�y�d�e� �w�i�t�h� �0�.�1� �M� �T�E�M�P�O� 

� � 

� � 

� � � � � � � � � � � � � � � � 

�M�o�l�e�c�u�l�e�s� �C�a�r�b�o�n� �P�e�a�k� �A�w� �p�K�,� �v�a�l�u�e�s �� 
�s�i�t�e�s �� �p�o�s�i�t�i�o�n�s� �o�f� 

�(�p�p�m�)� �C�-�H� �b�o�n�d�s� 
�A�c�e�t�o�n�e� �-�C�H�;� �3�0�.�4�0� �-�8�4�.�2�+�1�2�.�6� �2�0�.�0� 

�A�c�e�t�a�l�d�e�h�y�d�e� �-�C�H�;� �3�0�.�2�6� �9�6�.�2�+�1�4� �1�6�.�5� 

�N�o�t�e�:� 

�a�.� �T�h�e� �c�a�r�b�o�n� �s�i�t�e�s� �r�e�f�e�r� �t�o� �t�h�e� �a�-�c�a�r�b�o�n� �p�o�s�i�t�i�o�n�s�.� 

�b�.� �R�e�f�e�r�e�n�c�e� �7�4�,� �7�5�.� 
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�T�h�e�r�e�f�o�r�e�,� �a� �l�a�r�g�e�r� �s�c�a�l�a�r� �c�o�m�p�o�n�e�n�t� �c�a�n� �b�e� �o�b�s�e�r�v�e�d� �f�o�r� �t�h�e� �a�-�c�a�r�b�o�n� �o�f� �a�c�e�t�a�l�d�e�h�y�d�e� 

�t�h�a�n� �t�h�a�t� �o�f� �a�c�e�t�o�n�e�.� �T�h�i�s� �p�r�e�d�i�c�t�i�o�n� �i�s� �c�o�n�s�i�s�t�e�n�t� �w�i�t�h� �t�h�e�  ��°�C� �D�N�P� �r�e�s�u�l�t�s� �f�o�r� �t�h�e� �a�-� 

�c�a�r�b�o�n� �o�f� �t�h�e�s�e� �t�w�o� �m�o�l�e�c�u�l�e�s�.� �F�o�r� �t�h�e� �c�a�r�b�o�n�y�l� �g�r�o�u�p� �o�f� �a�c�e�t�o�n�e�,� �t�h�e� �s�m�a�l�l�e�r� �s�c�a�l�a�r� 

�c�o�m�p�o�n�e�n�t� �i�s� �e�x�p�l�a�i�n�e�d� �a�s� �t�h�e� �r�e�d�u�c�t�i�o�n� �o�f� �t�h�e� �i�n�d�u�c�e�d� �s�p�i�n� �d�e�n�s�i�t�y� �a�t� �t�h�a�t� �c�a�r�b�o�n� �s�i�t�e� �a�s� 

�t�h�e� �s�p�i�n� �p�o�l�a�r�i�z�a�t�i�o�n� �p�r�o�p�a�g�a�t�e�s� �a�l�o�n�g� �t�h�e� �c�o�v�a�l�e�n�t� �b�o�n�d�s�.� �F�o�r� �t�h�e� �c�a�r�b�o�n�y�l� �g�r�o�u�p� �o�f� 

�a�c�e�t�a�l�d�e�h�y�d�e�,� �t�h�e� �l�a�r�g�e�r� �s�c�a�l�a�r� �c�o�m�p�o�n�e�n�t� �i�s� �a�t�t�r�i�b�u�t�e�d� �t�o� �t�h�e� �d�i�r�e�c�t� �i�n�t�e�r�a�c�t�i�o�n� �b�e�t�w�e�e�n� 

�b�o�t�h� �t�h�e� �m�e�t�h�y�l� �a�n�d� �f�o�r�m�y�l� �h�y�d�r�o�g�e�n�s� �a�n�d� �T�E�M�P�O�,� �w�h�i�c�h� �j�o�i�n�t�l�y� �i�n�d�u�c�e�s� �l�a�r�g�e�r� �e�l�e�c�t�r�o�n� 

�s�p�i�n� �d�e�n�s�i�t�i�e�s� �a�t� �t�h�e� �c�a�r�b�o�n� �n�u�c�l�e�u�s� �o�f� �t�h�e� �c�a�r�b�o�n�y�l� �g�r�o�u�p�.� 

�A�l�t�h�o�u�g�h� �t�h�e� �m�a�g�n�i�t�u�d�e� �o�f� �t�h�e� �s�c�a�l�a�r� �i�n�t�e�r�a�c�t�i�o�n� �i�n�c�r�e�a�s�e�s� �w�i�t�h� �t�h�e� �h�y�d�r�o�g�e�n� 

�b�o�n�d�i�n�g� �s�t�r�e�n�g�t�h� �i�n� �a� �N�M�R� �c�o�n�t�a�c�t� �s�h�i�f�t� �e�x�p�e�r�i�m�e�n�t�,� �i�t� �m�a�y� �n�o�t� �b�e� �t�r�u�e� �f�o�r� �a� �D�N�P� 

�e�x�p�e�r�i�m�e�n�t� �b�e�c�a�u�s�e� �t�h�e� �D�N�P� �e�n�h�a�n�c�e�m�e�n�t� �d�e�p�e�n�d�s� �o�n� �t�h�e� �c�o�r�r�e�l�a�t�i�o�n� �t�i�m�e� �o�f� �t�h�e� �s�a�m�p�l�e� 

�m�o�l�e�c�u�l�e� �a�s� �w�e�l�l� �a�s� �t�h�e� �a�p�p�l�i�e�d� �f�i�e�l�d� �s�t�r�e�n�g�t�h�.� �U�n�d�e�r� �c�e�r�t�a�i�n� �f�i�e�l�d� �s�t�r�e�n�g�t�h�,� �i�f� �t�h�e� 

�h�y�d�r�o�g�e�n� �b�o�n�d�i�n�g� �i�s� �t�o�o� �s�t�r�o�n�g� �b�e�t�w�e�e�n� �t�h�e� �f�r�e�e� �r�a�d�i�c�a�l� �a�n�d� �t�h�e� �p�r�o�t�o�n� �o�f� �a� �c�a�r�b�o�n� �s�i�t�e�,� 

�t�h�e� �s�c�a�l�a�r� �c�o�m�p�o�n�e�n�t� �m�a�y� �d�e�c�r�e�a�s�e� �r�a�p�i�d�l�y� �b�e�c�a�u�s�e� �o�f� �a� �d�r�o�p�-�o�f�f� �o�f� �t�h�e� �c�o�r�r�e�s�p�o�n�d�i�n�g� 

�s�p�e�c�t�r�a�l� �d�e�n�s�i�t�y� �f�u�n�c�t�i�o�n� �a�t� �l�o�n�g� �c�o�r�r�e�l�a�t�i�o�n� �t�i�m�e� �r�a�n�g�e� �(�F�i�g�u�r�e� �4�.�1�8�)�,� �a�n�d� �t�h�e� �C�-�H� �b�o�n�d� 

�a�c�i�d�i�t�y� �m�a�y� �n�o�t� �b�e� �r�e�f�l�e�c�t�e�d� �b�y� �t�h�e� �d�o�m�i�n�a�t�e�d� �D�N�P� �e�n�h�a�n�c�e�m�e�n�t�.� 
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�4�.�1�.�3� �°�C� �D�N�P� �S�t�u�d�i�e�s� �o�f� �D�i�e�t�h�y�!� �m�a�l�o�n�a�t�e�,� �E�t�h�y�l� �a�c�e�t�o�a�c�e�t�a�t�e�,� �N�i�t�r�o�m�e�t�h�a�n�e�,� 

�a�n�d� �2�,� �4�-�P�e�n�t�a�n�e�d�i�o�n�e� �i�n� �T�E�M�P�O�/�B�e�n�z�e�n�e� �S�o�l�u�t�i�o�n�s� 

�I�t� �i�s� �w�e�l�l� �k�n�o�w�n� �t�h�a�t� �t�h�e� �h�y�d�r�o�g�e�n� �a�t�o�m�s� �i�n� �t�h�e� �m�e�t�h�y�l�e�n�e� �(�-�C�H�2 ��)� �g�r�o�u�p� 

�b�e�t�w�e�e�n� �t�w�o� �c�a�r�b�o�n�y�l� �g�r�o�u�p�s� �i�n� �a�n� �o�r�g�a�n�i�c� �m�o�l�e�c�u�l�e� �s�h�o�w� �c�o�n�s�i�d�e�r�a�b�l�e� �a�c�i�d�i�t�y� �b�e�c�a�u�s�e� 

�o�f� �t�h�e� �s�t�a�b�i�l�i�z�e�d� �t�a�u�t�o�m�e�r�i�c� �f�o�r�m�. ��?� �T�h�e� �D�N�P� �e�x�p�e�r�i�m�e�n�t�s� �a�t� �t�h�i�s� �c�a�r�b�o�n� �s�i�t�e� �o�f� �t�h�e� 

�d�i�e�t�h�y�l� �m�a�l�o�n�a�t�e�,� �e�t�h�y�l� �a�c�e�t�o�a�c�e�t�a�t�e�,� �a�n�d� �2�,� �4�-�p�e�n�t�a�n�e�d�i�o�n�e� �e�x�h�i�b�i�t� �s�c�a�l�a�r� �d�o�m�i�n�a�t�e�d� �D�N�P� 

�e�n�h�a�n�c�e�m�e�n�t�s� �(�F�i�g�u�r�e� �4�.�4�-�4�.�6�,� �T�a�b�l�e�s� �4�.�4�-�4�.�6�)�.� �T�h�e� �D�N�P� �r�e�s�u�l�t�s� �f�o�r� �d�i�e�t�h�y�l� �m�a�l�o�n�a�t�e� �a�n�d� 

�e�t�h�y�l� �a�c�e�t�o�a�c�e�t�a�t�e� �s�h�o�w� �t�h�a�t� �w�h�e�n� �t�h�e� �a�c�i�d�i�t�y� �o�f� �t�h�e� �h�y�d�r�o�g�e�n�s� �a�t� �t�h�e� �m�e�t�h�y�l�e�n�e� �s�i�t�e� 

�i�n�c�r�e�a�s�e�s� �(�F�i�g�u�r�e� �4�.�7�,� �T�a�b�l�e� �4�.�7�)�, ��°� �t�h�e� �c�o�r�r�e�s�p�o�n�d�i�n�g� �D�N�P� �e�n�h�a�n�c�e�m�e�n�t� �a�l�s�o� �s�h�o�w�s� �a�n� 

�i�n�c�r�e�a�s�i�n�g� �t�r�e�n�d� �(�T�a�b�l�e� �4�.�5�,� �4�.�6�)�.� �F�o�r� �2�,� �4�-�p�e�n�t�a�n�e�d�i�o�n�e�,� �t�h�e� �h�y�d�r�o�g�e�n�s� �a�t� �t�h�e� �m�e�t�h�y�l�e�n�e� 

�s�i�t�e� �a�r�e� �m�o�r�e� �a�c�i�d�i�c� �t�h�a�n� �t�h�e� �o�t�h�e�r� �t�w�o� �m�o�l�e�c�u�l�e�s�;� �h�o�w�e�v�e�r�,� �t�h�e� �D�N�P� �e�n�h�a�n�c�e�m�e�n�t� �a�t� �t�h�i�s� 

�c�a�r�b�o�n� �s�i�t�e� �p�r�o�v�i�d�e�s� �a� �l�o�w�e�r� �e�n�h�a�n�c�e�m�e�n�t� �(�T�a�b�l�e� �4�.�7�)�.� �T�h�i�s� �c�a�n� �b�e� �e�x�p�l�a�i�n�e�d� �i�n� �t�e�r�m�s� �o�f� 

�t�h�e� �r�a�p�i�d� �e�x�c�h�a�n�g�e� �b�e�t�w�e�e�n� �t�h�e� �k�e�t�o� �a�n�d� �t�h�e� �e�n�o�l� �t�a�u�t�o�m�e�r�i�c� �f�o�r�m�s� �o�f� �t�h�i�s� �m�o�l�e�c�u�l�e� �a�t� 

�r�o�o�m� �t�e�m�p�e�r�a�t�u�r�e�.� �T�h�e� �p�K�,� �v�a�l�u�e� �o�f� �t�h�e� �m�e�t�h�y�l�e�n�e� �g�r�o�u�p� �i�n� �2�,� �4�-�p�e�n�t�a�n�e�d�i�o�n�e� �r�e�f�l�e�c�t�s� �t�h�e� 

�p�r�o�t�o�n� �a�c�i�d�i�t�y� �i�n� �t�h�e� �k�e�t�o� �f�o�r�m�,� �b�u�t� �t�h�e� �D�N�P� �e�n�h�a�n�c�e�m�e�n�t� �c�o�r�r�e�s�p�o�n�d�s� �t�o� �t�h�e� �t�i�m�e� 

�a�v�e�r�a�g�e� �o�f� �t�h�e� �k�e�t�o� �a�n�d� �t�h�e� �e�n�o�l� �f�o�r�m�s� �a�t� �t�h�a�t� �c�a�r�b�o�n� �s�i�t�e�.� �S�i�n�c�e� �t�h�e� �c�a�r�b�o�n� �n�u�c�l�e�u�s� �a�t� �t�h�e� 

 ��C�H�e�=� �s�i�t�e� �o�f� �t�h�e� �e�n�o�l� �f�o�r�m� �h�a�s� �a� �d�i�p�o�l�a�r� �d�o�m�i�n�a�t�e�d� �e�n�h�a�n�c�e�m�e�n�t� �(�n�e�g�a�t�i�v�e� �v�a�l�u�e�)�,� �t�h�e� 

�t�i�m�e� �a�v�e�r�a�g�e�d� �'�°�C� �D�N�P� �e�n�h�a�n�c�e�m�e�n�t� �a�t� �t�h�e� �m�e�t�h�y�l�e�n�e� �g�r�o�u�p� �t�h�u�s� �r�e�f�l�e�c�t�s� �a� �r�e�d�u�c�e�d� 

�s�c�a�l�a�r� �e�n�h�a�n�c�e�m�e�n�t�.� �A�l�t�h�o�u�g�h� �t�h�e� �e�t�h�y�l� �a�c�e�t�o�a�c�e�t�a�t�e� �a�l�s�o� 
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�(�a�)� �S�t�a�t�i�c� �N�M�R� �S�p�e�c�t�r�u�m� 

� � 
�1�2�8� �1�7� 

�1�0�0� �s�c�a�n�s� 

�6�0�.�9�6� �2�6�.�9�0� �'�3�-�8�6� 

�1�6�5�.�7�6� �4�1� �6�9� 

�(�b�)� �D�N�P� �S�p�e�c�t�r�u�m� �4�1�.�6�9� 

�6�0�.�9�6� 

�1�3�.�8�6� 

�6�.�9�0� �1�0�0� �s�c�a�n�s� �1�6�5�.�7�6� �2� 

�1�2�8�.�1�7� 

� � 
�F�i�g�u�r�e� �4�.�4�.� �L�i�q�u�i�d� �P�h�a�s�e� �'�3�C� �N�M�R� �(�5�0�.�1� �M�H�z�)� �a�n�d� �D�N�P� �S�p�e�c�t�r�a� �f�o�r� �D�i�e�t�h�y�l� 

�m�a�l�o�n�a�t�e�/�B�e�n�z�e�n�e�/�C�y�c�l�o�h�e�x�a�n�e� �(�2�0�/�7�0�/�1�0�,� �v�/�v�%�)�/�0�.�1� �M� �T�E�M�P�O�:� �(�a�)� �S�t�a�t�i�c� 
�N�M�R� �S�p�e�c�t�r�u�m� �(�1�0�0� �S�c�a�n�s�)�;� �(�b�)� �F�l�o�w� �T�r�a�n�s�f�e�r� �D�N�P� �S�p�e�c�t�r�u�m� �(�6�m�L�/�m�i�n�,� 
�1�0�0� �S�c�a�n�s�)�.� 
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�T�a�b�l�e� �4�.�4�.� �L�i�q�u�i�d� �P�h�a�s�e� �'�°�C� �D�N�P� �E�n�h�a�n�c�e�m�e�n�t�s� �a�n�d� �R�e�l�a�x�a�t�i�o�n� �D�a�t�a� �f�o�r� �D�i�e�t�h�y�l� 
�m�a�l�o�n�a�t�e�/�B�e�n�z�e�n�e�/�C�y�c�l�o�h�e�x�a�n�e� �(�2�0�/�7�0�/�1�0�,� �v�/�v�%�)�/�0�.�1� �M� �T�E�M�P�O� 

� � 

� � 

� � 

� � 

� � � � 
� � � � � � � � � � � � � � 
� � 

�C�a�r�b�o�n� �T�y�p�e�;� �P�e�a�k�?� �T�i�o� �°� �T�i� �°� �f� �A�g� �b�o�b�s� 
�P�o�s�i�t�i�o�n� �(�S�e�c�.�)� �(�S�e�c�.�)� 

�(�p�p�m�)� 
�C�-�1� �1�6�5�.�7�6� �1�5�.�8� �3�.�7�5� �0�.�7�6�3� �-�6�4�2�+�9�6� 
�C�-�2� �4�1�.�6�9� �6�.�6�0� �1�.�5�0� �0�.�7�7�3� �4�0�1�+�6�0� 
�C�-�1 �� �6�0�.�9�6� �5�.�9�7� �2�.�2�4� �0�.�6�2�5� �8�6�.�4�+�1�3�.�0� 
�C�-�2 �� �1�3�.�8�6� �6�.�1�2� �2�.�5�5� �0�.�5�8�3� �-�9�6�.�8�+�1�4�.�5� 
�C�e�6�H�s� �«�1�2�8�.�1�7� �1�1�.�2� �3�.�1�4� �0�.�7�2�0� �-�2�0�0�+�3�0� 

�S�P� �S�C�H�2�O�C�C�H�2�C�O�C�H�2�C�H�3� 

�N�o�t�e�:� 

�(�a�)� �R�a�t�i�o� �m�e�t�h�o�d� �w�a�s� �u�s�e�d� �t�o� �c�a�l�c�u�l�a�t�e� �t�h�e� �D�N�P� �u�l�t�i�m�a�t�e� �e�n�h�a�n�c�e�m�e�n�t�s� 

�(�b�)� �'�H� �b�r�o�a�d�-�b�a�n�d� �d�e�c�o�u�p�l�i�n�g� �w�a�s� �e�m�p�l�o�y�e�d� �t�o� �e�l�i�m�i�n�a�t�e� �p�r�o�t�o�n�-�c�a�r�b�o�n� �c�o�u�p�l�i�n�g�.� 

�(�c�)� �T�;� �a�n�d� �T�j�o� �a�r�e� �t�h�e� �s�p�i�n�-�l�a�t�t�i�c�e� �r�e�l�a�x�a�t�i�o�n� �t�i�m�e�s� �o�f� �t�h�e� �c�a�r�b�o�n� �n�u�c�l�e�i� �w�i�t�h� �a�n�d� �w�i�t�h�o�u�t� 
�T�E�M�P�O� �i�n� �t�h�e� �s�a�m�p�l�e� �s�o�l�u�t�i�o�n�,� �r�e�s�p�e�c�t�i�v�e�l�y�.� 

�(�d�)� �T�h�e� �l�e�a�k�a�g�e� �f�a�c�t�o�r� �f� �w�a�s� �c�a�l�c�u�l�a�t�e�d� �b�a�s�e�d� �o�n� �T�;� �m�e�a�s�u�r�e�m�e�n�t�s� �a�t� �4�.�7� �T� �m�a�g�n�e�t�i�c� �f�i�e�l�d�.� 

�(�e�)� �T�h�e� �0�.�3�3� �T� �'�°�C� �D�N�P� �e�n�h�a�n�c�e�m�e�n�t�s� �w�e�r�e� �m�o�n�i�t�o�r�e�d� �a�t� �4�.�7� �T�.� �A�l�l� �d�a�t�a� �w�a�s� �o�b�t�a�i�n�e�d� �a�t� 
�r�o�o�m� �t�e�m�p�e�r�a�t�u�r�e�.� 

�(�f�)� �B�e�n�z�e�n�e� �w�a�s� �u�s�e�d� �a�s� �t�h�e� �r�e�f�e�r�e�n�c�e� �c�o�m�p�o�u�n�d� �w�i�t�h� �4�, �� �=�  ��2�0�0� �+� �3�0�.� 

�(�g�)� �T�h�e� �u�l�t�i�m�a�t�e� �'�*�C� �D�N�P� �e�n�h�a�n�c�e�m�e�n�t� �A�.�,� �i�s� �a�n� �a�v�e�r�a�g�e� �v�a�l�u�e� �o�f� �f�o�u�r� �m�e�a�s�u�r�e�m�e�n�t�s� �a�t� 
�d�i�f�f�e�r�e�n�t� �p�o�w�e�r� �l�e�v�e�l�s�.� �T�h�e� �e�s�t�i�m�a�t�e�d� �r�e�l�a�t�i�v�e� �s�t�a�n�d�a�r�d� �d�e�v�i�a�t�i�o�n� �f�o�r� �A�.�.� �i�s� �a�b�o�u�t� �1�5�%�.� 
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�(�a�)� �S�t�a�t�i�c� �N�M�R� �S�p�e�c�t�r�u�m� 

�1�2�8�.�3�0� 

�1�0�0� �s�c�a�n�s� 

�2�6�.�9�0� 

�4�9�.�8�7� �1�3�.�8�6� 
�1�9�8�.�6�5� �1�6�6�.�5�4� �6�0�.�6�7� �2�9�.�3�3� � � � � 

�(�b�)� �D�N�P� �S�p�e�c�t�r�u�m� 
�4�9�.�8�7� 

�6�0� �6�7� �2�9�.�3�3� 

�N�a� �n�e�e�r�s� 

�1�6�6�.�5�4� 
�1�9�8�.�6�5� 

�1�2�8�.�3�0� � � �1�0�0� �s�c�a�n�s� 
�2�6�.�9�0� 

� � � � 
�F�i�g�u�r�e� �4�.�5�.� �L�i�q�u�i�d� �P�h�a�s�e� �'�*�C� �N�M�R� �(�5�0�.�1� �M�H�z�)� �a�n�d� �D�N�P� �S�p�e�c�t�r�a� �f�o�r� �E�t�h�y�l� 

�a�c�e�t�o�a�c�e�t�a�t�e�/�B�e�n�z�e�n�e�/�C�y�c�l�o�h�e�x�a�n�e� �(�2�0�/�7�0�/�1�0�,� �v�/�v�%�)�/�0�.�1� �M� �T�E�M�P�O�:� �(�a�)� 
�S�t�a�t�i�c� �N�M�R� �S�p�e�c�t�r�u�m� �(�1�0�0� �S�c�a�n�s�)�;� �(�b�)� �F�l�o�w� �T�r�a�n�s�f�e�r� �D�N�P� �S�p�e�c�t�r�u�m� 
�(�6�m�L�/�m�i�n�,� �1�0�0� �S�c�a�n�s�)�.� 
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�T�a�b�l�e� �4�.�5�.� �L�i�q�u�i�d� �P�h�a�s�e� �'�°�C� �D�N�P� �E�n�h�a�n�c�e�m�e�n�t�s� �a�n�d� �R�e�l�a�x�a�t�i�o�n� �D�a�t�a� �f�o�r� 
�E�t�h�y�l� �a�c�e�t�o�a�c�e�t�a�t�e�/�B�e�n�z�e�n�e�/�C�y�c�l�o�h�e�x�a�n�e� �(�2�0�/�7�0�/�1�0�,� �v�/�v�%�)�/�0�.�1� �M� 

� � 

� � 

� � 

� � 

� � 

� � 

� � 

� � � � � � � � � � � � � � � � � � 

�T�E�M�P�O� �S�y�s�t�e�m� 

�C�a�r�b�o�n� �P�e�a�k� �°� �T�i�o �� �T�,� �°� �f�e� �A�w� �2�e�t�8� 
�T�y�p�e� �P�o�s�i�t�i�o�n� �(�S�e�c�.�)� �(�S�e�c�.�)� 

�(�p�p�m�)� 
�C�-�]� �1�6�6�.�5�4� �2�2�.�4� �2�.�9�0� �0�.�8�7�0� �-�7�1�1�+�1�0�7� 
�C�-�2� �4�9�.�8�7� �3�.�7�5� �1�.�3�1� �0�.�6�5�1� �4�4�0�+�6�6� 
�C�-�3� �1�9�8�.�6�5� �$�2�.�0� �2�.�6�0� �0�.�9�5�0� �-�7�2�0�+�1�0�8� 
�C�-�4� �2�9�.�3�3� �1�4�.�2� �1�.�4�7� �0�.�8�9�6� �7�2�.�5�+�1�0�.�9� 

�C�-�1 �� �6�0�.�6�7� �3�.�9�8� �2�.�2�6� �0�.�4�3�2� �2�5�0�+�3�8� 
�C�-�2 �� �1�3�.�8�6� �8�.�8�9� �2�.�5�4� �0�.�7�1�4� �-�1�1�7�+�1�8� 
�C�e�6�H�e� �1�2�8�.�3�0� �1�2�.�7� �2�.�7�5� �0�.�7�8�4� �-�2�0�0�+�3�0� 

�|� �|� 
�C�H�3�C�C�H�2�C�O�C�H�2�C�H�3� 
�4� �3�2� �1�0� �2� 

�N�o�t�e�:� 

�(�a�)� �R�a�t�i�o� �m�e�t�h�o�d� �w�a�s� �u�s�e�d� �t�o� �c�a�l�c�u�l�a�t�e� �t�h�e� �D�N�P� �u�l�t�i�m�a�t�e� �e�n�h�a�n�c�e�m�e�n�t�s� 

�(�b�)� �'�H� �b�r�o�a�d�-�b�a�n�d� �d�e�c�o�u�p�l�i�n�g� �w�a�s� �e�m�p�l�o�y�e�d� �t�o� �e�l�i�m�i�n�a�t�e� �p�r�o�t�o�n�-�c�a�r�b�o�n� �c�o�u�p�l�i�n�g�.� 

�(�c�)� �T�,�;� �a�n�d� �T�o� �a�r�e� �t�h�e� �s�p�i�n�-�l�a�t�t�i�c�e� �r�e�l�a�x�a�t�i�o�n� �t�i�m�e�s� �o�f� �t�h�e� �c�a�r�b�o�n� �n�u�c�l�e�i� �w�i�t�h� �a�n�d� �w�i�t�h�o�u�t� 
�T�E�M�P�O� �i�n� �t�h�e� �s�a�m�p�l�e� �s�o�l�u�t�i�o�n�,� �r�e�s�p�e�c�t�i�v�e�l�y�.� 

�(�d�)� �T�h�e� �l�e�a�k�a�g�e� �f�a�c�t�o�r� �f� �w�a�s� �c�a�l�c�u�l�a�t�e�d� �b�a�s�e�d� �o�n� �T�;� �m�e�a�s�u�r�e�m�e�n�t�s� �a�t� �4�.�7� �T� �m�a�g�n�e�t�i�c� �f�i�e�l�d�.� 

�(�e�)� �T�h�e� �0�.�3�3� �T� �'�3�C� �D�N�P� �e�n�h�a�n�c�e�m�e�n�t�s� �w�e�r�e� �m�o�n�i�t�o�r�e�d� �a�t� �4�.�7� �T�.� �A�l�l� �d�a�t�a� �w�a�s� �o�b�t�a�i�n�e�d� �a�t� 
�r�o�o�m� �t�e�m�p�e�r�a�t�u�r�e�.� 

�(�f�)� �B�e�n�z�e�n�e� �w�a�s� �u�s�e�d� �a�s� �t�h�e� �r�e�f�e�r�e�n�c�e� �c�o�m�p�o�u�n�d� �w�i�t�h� �4 ��%� �=� �-�2�0�0�+� �3�0�.� 

�(�g�)� �T�h�e� �u�l�t�i�m�a�t�e�  ��°�C� �D�N�P� �e�n�h�a�n�c�e�m�e�n�t� �A�.�.� �i�s� �a�n� �a�v�e�r�a�g�e� �v�a�l�u�e� �o�f� �f�o�u�r� �m�e�a�s�u�r�e�m�e�n�t�s� �a�t� 
�d�i�f�f�e�r�e�n�t� �p�o�w�e�r� �l�e�v�e�l�s�.� �T�h�e� �e�s�t�i�m�a�t�e�d� �r�e�l�a�t�i�v�e� �s�t�a�n�d�a�r�d� �d�e�v�i�a�t�i�o�n� �f�o�r� �A�.� �i�s� �a�b�o�u�t� �1�5�%�.� 
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� � 

�(�a�)� �S�t�a�t�e�c� �N�M�R� �S�p�e�c�t�r�u�m� 

�1�2�8�.�2�0� �1�0�0� �s�c�a�n�s� 

�}� 

�2�6�.�9�0� 
�1�9�0�.�7�7� 

�2�0�0�.�7�9� �|� �9�9�.�9�8� �s�7�y�4� �2�9�.�9�2� �]�f� �2�4�-�0�8� 
�\� �i� �.� �~� 

� � 

�(�b�)� �D�N�P� �S�p�e�c�t�r�u�m� 
� � � � � � 

� � � � 

� � � � � 

� � 

�2�4�.�0�8� 

�$�7�.�9�4� �2�9�9�2� � � � 
�5� �2�0�0�.�7�9� �2�6�.�9�0� 

�1�9�0�7�7� �1�0�0� �s�c�a�n�s� 

�1�2�8� �2�0� � � 

�F�i�g�u�r�e� �4�.�6�.� �L�i�q�u�i�d� �P�h�a�s�e� �'�*�C� �N�M�R� �(�5�0�.�1� �M�H�z�)� �a�n�d� �D�N�P� �S�p�e�c�t�r�a� �f�o�r� �2�,� �4�-� 
�P�e�n�t�a�n�e�d�i�o�n�e�/�B�e�n�z�e�n�e�/�C�y�c�l�o�h�e�x�a�n�e� �(�2�0�/�7�0�/�1�0�,� �v�/�v�%�)�/�0�.�0�5� �M� �T�E�M�P�O�:� �(�a�)� 
�S�t�a�t�i�c� �N�M�R� �S�p�e�c�t�r�u�m� �(�1�0�0� �S�c�a�n�s�)�;� �(�b�)� �F�l�o�w� �T�r�a�n�s�f�e�r� �D�N�P� �S�p�e�c�t�r�u�m� 
�(�6�m�L�/�m�i�n�,� �1�0�0� �S�c�a�n�s�)�.� 
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�T�a�b�l�e� �4�.�6�.� �L�i�q�u�i�d� �P�h�a�s�e� �'�°�C� �D�N�P� �E�n�h�a�n�c�e�m�e�n�t�s� �a�n�d� �R�e�l�a�x�a�t�i�o�n� �D�a�t�a� �f�o�r� 
�2�,� �4�-�P�e�n�t�a�n�e�d�i�o�n�e� �/� �B�e�n�z�e�n�e� �/� �C�y�c�l�o�h�e�x�a�n�e� 
�(� �2�0�/�7�0�/�1�0�,� �v�/�v�%�)�/�0�.�0�5� �M� �T�E�M�P�O� �S�y�s�t�e�m� 

� � 

� � 

� � 

� � 

� � 

� � 

� � 

� � � � � � � � � � � � � � � � � � 

� � 

�C�a�r�b�o�n� �T�y�p�e�'�|� �P�e�a�k� �6� �T�i�o�®� �T�°� �f�o�.� �e�o� �2�e�h�8� 
�P�o�s�i�t�i�o�n� �(�S�e�c�.�)� �(�S�e�c�.�)� 

�(�p�p�m�)� 
�C�-�1� �(�e�)� �2�4�.�0�8� �1�3�.�1� �5�.�9�2� �0�.�5�4�8� �8�.�3�4�4�1�.�2�5� 
�C�-�1� �(�k�)� �2�9�.�9�2� �3�4�.�4� �2�.�0�7� �0�.�9�4�0� �6�1�.�3�+�9�.�2� 
�C�-�2� �(�e�)� �1�9�0�.�7�7� �3�9�.�1� �4�.�6�4� �0�.�8�8�1� �-�6�4�4�+�9�7� 

�C�-�2� �(�k�)� �2�0�0�.�7�9� �4�1�.�4� �4�.�7�1� �0�.�8�8�6� �-�3�0�0�+�4�5� 
�C�-�3� �(�e�)� �9�9�.�9�8� �2�6�.�1� �3�.�4�3� �0�.�8�6�9� �-�5�4�.�0�+�8�.�1� 

�C�-�3� �(�k�)� �5�7�.�9�4� �2�0�.�3� �2�.�6�4� �0�.�8�7�0� �8�8�.�0�+�1�3�.�2� 
�C�e�H�e� �1�2�8�.�2�0� �2�5�.�6� �4�.�6�2� �0�.�8�2�0� �-�2�0�0�+�3�0� 

�H�r� �-�-� �O� 

�C�H�3�C�=�C�H�C�C�H�;� �K�=�2�9� �c�H�y�d�c�u�n�d�c�u�;� 
�1� �2� �3� �1� �2�3� 

�N�o�t�e�:� 

�(�a�)� �R�a�t�i�o� �m�e�t�h�o�d� �w�a�s� �u�s�e�d� �t�o� �c�a�l�c�u�l�a�t�e� �t�h�e� �D�N�P� �u�l�t�i�m�a�t�e� �e�n�h�a�n�c�e�m�e�n�t�s� 
�(�b�)� �'�H� �b�r�o�a�d�-�b�a�n�d� �d�e�c�o�u�p�l�i�n�g� �w�a�s� �e�m�p�l�o�y�e�d� �t�o� �e�l�i�m�i�n�a�t�e� �p�r�o�t�o�n�-�c�a�r�b�o�n� �c�o�u�p�l�i�n�g�.� 
�(�c�)� �T�;� �a�n�d� �T�i�o� �a�r�e� �t�h�e� �s�p�i�n�-�l�a�t�t�i�c�e� �r�e�l�a�x�a�t�i�o�n� �t�i�m�e�s� �o�f� �t�h�e� �c�a�r�b�o�n� �n�u�c�l�e�i� �w�i�t�h� �a�n�d� 

�w�i�t�h�o�u�t� �T�E�M�P�O� �i�n� �t�h�e� �s�a�m�p�l�e� �s�o�l�u�t�i�o�n�,� �r�e�s�p�e�c�t�i�v�e�l�y�.� 
�(�d�)� �T�h�e� �l�e�a�k�a�g�e� �f�a�c�t�o�r� �f� �w�a�s� �c�a�l�c�u�l�a�t�e�d� �b�a�s�e�d� �o�n� �T�;� �m�e�a�s�u�r�e�m�e�n�t�s� �a�t� �4�.�7� �T� 

�m�a�g�n�e�t�i�c� �f�i�e�l�d�.� 
�(�e�)� �T�h�e� �0�.�3�3� �T� �'�3�C� �D�N�P� �e�n�h�a�n�c�e�m�e�n�t�s� �w�e�r�e� �m�o�n�i�t�o�r�e�d� �a�t� �4�.�7� �T�.� �A�l�l� �d�a�t�a� �w�a�s� 

�o�b�t�a�i�n�e�d� �a�t� �r�o�o�m� �t�e�m�p�e�r�a�t�u�r�e�.� 
�(�f�)� �B�e�n�z�e�n�e� �w�a�s� �u�s�e�d� �a�s� �t�h�e� �r�e�f�e�r�e�n�c�e� �c�o�m�p�o�u�n�d� �w�i�t�h� �4 ��%� �=�  ��-�2�0�0� �+� �3�0�.� 
�(�g�)� �T�h�e� �u�l�t�i�m�a�t�e� �'�3�C� �D�N�P� �e�n�h�a�n�c�e�m�e�n�t� �A�.� �i�s� �a�n� �a�v�e�r�a�g�e� �v�a�l�u�e� �o�f� �f�o�u�r� 

�m�e�a�s�u�r�e�m�e�n�t�s� �a�t� �d�i�f�f�e�r�e�n�t� �p�o�w�e�r� �l�e�v�e�l�s�.� �T�h�e� �e�s�t�i�m�a�t�e�d� �r�e�l�a�t�i�v�e� �s�t�a�n�d�a�r�d� 
�d�e�v�i�a�t�i�o�n� �f�o�r� �t�h�e� �A�.� �i�s� �a�b�o�u�t� �1�5�%�.� 

�(�i�)�  ��e �� �a�n�d�  ��k �� �i�n� �t�h�e� �c�a�r�b�o�n� �t�y�p�e� �c�o�l�u�m�n� �r�e�p�r�e�s�e�n�t� �t�h�e� �e�n�o�l� �a�n�d� �t�h�e� �k�e�t�o� �f�o�r�m� �o�f� 
�t�h�e� �2�,� �4�-�p�e�n�t�a�n�e�d�i�o�n�e�,� �r�e�s�p�e�c�t�i�v�e�l�y�.� 
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�(�a�)� �S�t�a�t�i�c� �N�M�R� �S�p�e�c�t�r�u�m� 

�1�2�8�.�4�4� 

� � � � � � �4�0�0� �s�c�a�n�s� 

�2�6�.�9�0� � � 
�6�1�.�9�3� 

�(�b�)� �D�N�P� �S�p�e�c�t�r�u�m� 

�e�e� 

�4�0�0� �s�c�a�n�s� 

�1�2�8� �4�4� 

� � � � 
�F�i�g�u�r�e� �4�.�7�.� �L�i�q�u�i�d� �P�h�a�s�e�  ��°�C� �N�M�R� �(�5�0�.�1� �M�H�z�)� �a�n�d� �D�N�P� �S�p�e�c�t�r�a� �f�o�r� 

�N�i�t�r�o�m�e�t�h�a�n�e�/�B�e�n�z�e�n�e� �(�2�0�/�8�0�,� �v�/�v�%�)�/�0�.�1� �M� �T�E�M�P�O�:� �(�a�)� �S�t�a�t�i�c� �N�M�R� 
�S�p�e�c�t�r�u�m� �(�1�0�0� �S�c�a�n�s�)�;� �(�b�)� �F�l�o�w� �T�r�a�n�s�f�e�r� �D�N�P� �S�p�e�c�t�r�u�m� �(�6� �m�L�/�m�i�n�,� �1�0�0� 
�S�c�a�n�s�)�.� 
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�T�a�b�l�e� �4�.�7�.� �L�i�q�u�i�d� �P�h�a�s�e�  ��°�C� �D�N�P� �E�n�h�a�n�c�e�m�e�n�t� �a�n�d� �R�e�l�a�x�a�t�i�o�n� �D�a�t�a� �f�o�r� 

�C�H�3�N�O�,�/�B�e�n�z�e�n�e� �(�2�0�/�8�0�,� �v�/�v�%�)� �w�i�t�h� �0�.�1� �M� �T�E�M�P�O� 

� � 

� � 

� � � � � � � � � � � � � � � � � � 

�C�a�r�b�o�n� �P�e�a�k� �°� �T�i�o� �°� �T�°� �f�f� �A�w� �2�8� 
�T�y�p�e� �P�o�s�i�t�i�o�n� �|� �(� �S�e�c�.�)� �|� �(�S�e�c�.� �)� 

�(�p�p�m� �)� 
�C�H�3�N�O�>� �6�1�.�9�3� �1�0�.�4� �0�.�8�7�9� �0�.�9�1�5� �9�9�6�+�1�4�9� 

�C�e�H�e� �1�2�8�.�4�4� �2�7�.�7� �2�.�4�3� �0�.�9�1�2� �-�2�0�0�+�3�0� 

�C�H�3�N�O�,� 

�N�o�t�e�:� 

�(�a�)� �R�a�t�i�o� �m�e�t�h�o�d� �w�a�s� �u�s�e�d� �t�o� �c�a�l�c�u�l�a�t�e� �t�h�e� �D�N�P� �u�l�t�i�m�a�t�e� �e�n�h�a�n�c�e�m�e�n�t�s� 

�(�b�)� �'�H� �b�r�o�a�d�-�b�a�n�d� �d�e�c�o�u�p�l�i�n�g� �w�a�s� �e�m�p�l�o�y�e�d� �t�o� �e�l�i�m�i�n�a�t�e� �p�r�o�t�o�n�-�c�a�r�b�o�n� �c�o�u�p�l�i�n�g�.� 

�(�c�)� �T�,� �a�n�d� �T�j�o� �a�r�e� �t�h�e� �s�p�i�n�-�l�a�t�t�i�c�e� �r�e�l�a�x�a�t�i�o�n� �t�i�m�e�s� �o�f� �t�h�e� �c�a�r�b�o�n� �n�u�c�l�e�i� �w�i�t�h� �a�n�d� �w�i�t�h�o�u�t� 
�T�E�M�P�O� �i�n� �t�h�e� �s�a�m�p�l�e� �s�o�l�u�t�i�o�n�,� �r�e�s�p�e�c�t�i�v�e�l�y�.� 

�(�d�)� �T�h�e� �l�e�a�k�a�g�e� �f�a�c�t�o�r� �f� �w�a�s� �c�a�l�c�u�l�a�t�e�d� �b�a�s�e�d� �o�n� �T�;� �m�e�a�s�u�r�e�m�e�n�t�s� �a�t� �4�.�7� �T� �m�a�g�n�e�t�i�c� �f�i�e�l�d�.� 

�(�e�)� �T�h�e� �0�.�3�3� �T� �'�°�C� �D�N�P� �e�n�h�a�n�c�e�m�e�n�t�s� �w�e�r�e� �m�o�n�i�t�o�r�e�d� �a�t� �4�.�7� �T�.� �A�l�l� �d�a�t�a� �w�a�s� �o�b�t�a�i�n�e�d� �a�t� 
�r�o�o�m� �t�e�m�p�e�r�a�t�u�r�e�.� 

�(�f�)� �B�e�n�z�e�n�e� �w�a�s� �u�s�e�d� �a�s� �t�h�e� �r�e�f�e�r�e�n�c�e� �c�o�m�p�o�u�n�d� �w�i�t�h� �4�7 �� �=� �-�2�0�0�+� �3�0�.� 

�(�g�)� �T�h�e� �u�l�t�i�m�a�t�e� �'�3�C� �D�N�P� �e�n�h�a�n�c�e�m�e�n�t� �A�.�,� �i�s� �a�n� �a�v�e�r�a�g�e� �v�a�l�u�e� �o�f� �f�o�u�r� �m�e�a�s�u�r�e�m�e�n�t�s� �a�t� 
�d�i�f�f�e�r�e�n�t� �p�o�w�e�r� �l�e�v�e�l�s�.� �T�h�e� �e�s�t�i�m�a�t�e�d� �r�e�l�a�t�i�v�e� �s�t�a�n�d�a�r�d� �d�e�v�i�a�t�i�o�n� �f�o�r� �A�w� �i�s� �a�b�o�u�t� �1�5�%�.� 

�9�0



�h�a�s� �t�h�e� �k�e�t�o� �a�n�d� �e�n�o�l� �e�q�u�i�l�i�b�r�i�u�m� �a�t� �r�o�o�m� �t�e�m�p�e�r�a�t�u�r�e�,� �t�h�e� �e�n�o�l�i�z�a�t�i�o�n� �e�q�u�i�l�i�b�r�i�u�m� 

�c�o�n�s�t�a�n�t� �(�K�e�n�o�i�=�0�.�3�)� �i�s� �m�u�c�h� �s�m�a�l�l�e�r� �t�h�a�n� �t�h�a�t� �o�f� �t�h�e� �2�,� �4�-�p�e�n�t�a�n�e�d�i�o�n�e� �(�K�e�n�o�t�=�2�9�)�.� �T�h�i�s� 

�m�a�y� �b�e� �t�h�e� �r�e�a�s�o�n� �t�h�a�t� �t�h�e� �p�K�,� �v�a�l�u�e� �o�f� �t�h�e� �f�o�r�m�e�r� �c�a�n� �b�e� �m�o�r�e� �c�l�o�s�e�l�y� �r�e�l�a�t�e�d� �t�o� �t�h�e� 

�d�o�m�i�n�a�n�t� �D�N�P� �e�n�h�a�n�c�e�m�e�n�t�.� �T�h�e� �'�°�C� �D�N�P� �s�p�e�c�t�r�u�m� �o�f� �n�i�t�r�o�m�e�t�h�a�n�e� �i�s� �s�h�o�w�n� �i�n� �F�i�g�u�r�e� 

�4�.�7�.� �D�u�e� �t�o� �t�h�e� �e�l�e�c�t�r�o�n� �a�t�t�r�a�c�t�i�n�g� �e�f�f�e�c�t�,� �t�h�e� �h�y�d�r�o�g�e�n�s� �i�n� �t�h�e� �m�e�t�h�y�l� �g�r�o�u�p� �o�f� �t�h�e� 

�n�i�t�r�o�m�e�t�h�a�n�e� �h�a�v�e� �a�n� �a�c�i�d�i�t�y� �c�l�o�s�e� �t�o� �t�h�a�t� �o�f� �t�h�e� �h�y�d�r�o�g�e�n�s� �i�n� �t�h�e� �m�e�t�h�y�l�e�n�e� �g�r�o�u�p� �o�f� 

�e�t�h�y�l� �a�c�e�t�o�a�c�e�t�a�t�e� �(�T�a�b�l�e� �4�.�8�)�.� �T�h�e� �c�o�r�r�e�s�p�o�n�d�i�n�g� �s�c�a�l�a�r� �d�o�m�i�n�a�t�e�d� �D�N�P� �e�n�h�a�n�c�e�m�e�n�t�s� 

�(�T�a�b�l�e� �4�.�5�,� �4�.�7�)� �o�f� �t�h�e�s�e� �t�w�o� �m�o�l�e�c�u�l�e�s�,� �h�o�w�e�v�e�r�,� �a�r�e� �n�o�t� �c�l�o�s�e�.� �T�h�i�s� �m�a�y� �d�u�e� �t�o� �t�h�e� 

�e�n�o�l�i�z�a�t�i�o�n� �o�f� �e�t�h�y�l� �a�c�e�t�o�a�c�e�t�a�t�e� �w�h�i�c�h� �c�a�u�s�e�s� �a� �d�e�c�r�e�a�s�e� �o�f� �t�h�e� �s�c�a�l�a�r� �d�o�m�i�n�a�n�c�e� �f�o�r� �t�h�e� 

�c�a�r�b�o�n� �n�u�c�l�e�u�s� �o�f� �t�h�e� �m�e�t�h�y�l�e�n�e� �g�r�o�u�p�.� 

�T�h�e� �'�°�C� �D�N�P� �e�n�h�a�n�c�e�m�e�n�t�s� �f�o�r� �t�h�e� �a�b�o�v�e� �m�o�l�e�c�u�l�e�s� �i�n�d�i�c�a�t�e� �t�h�a�t� �t�h�e� �a�c�i�d�i�t�y� �o�f� 

�c�a�r�b�o�n�-�h�y�d�r�o�g�e�n� �b�o�n�d�s� �c�a�n� �b�e� �d�e�t�e�c�t�e�d� �i�n� �a� �q�u�a�l�i�t�a�t�i�v�e� �w�a�y� �b�y� �t�h�e� �1�3�C� �D�N�P� �t�e�c�h�n�i�q�u�e�.� 

�T�h�e� �'�3�C� �D�N�P� �r�e�s�u�l�t�s� �a�n�d� �t�h�e� �p�K�,� �v�a�l�u�e�s� �a�r�e� �s�u�m�m�a�r�i�z�e�d� �i�n� �T�a�b�l�e� �4�.�8�.� 

�T�h�e� �l�a�r�g�e� �'�°�C� �s�c�a�l�a�r� �e�n�h�a�n�c�e�m�e�n�t�s� �f�o�r� �t�h�e� �m�e�t�h�y�l�e�n�e� �g�r�o�u�p�s� �b�e�t�w�e�e�n� �t�h�e� �c�a�r�b�o�n�y�l� 

�g�r�o�u�p�s� �c�a�n� �b�e� �u�n�d�e�r�s�t�o�o�d� �w�i�t�h� �t�h�e� �h�e�l�p� �o�f� �t�h�e� �e�l�e�c�t�r�o�n� �s�p�i�n� �p�o�l�a�r�i�z�a�t�i�o�n� �m�o�d�e�l�.� �T�h�e� 

�s�t�r�o�n�g�e�r� �t�h�e� �a�c�i�d�i�t�y� �o�f� �t�h�e� �C�-�H� �b�o�n�d� �o�f� �t�h�e� �m�e�t�h�y�l�e�n�e� �g�r�o�u�p�,� �t�h�e� �l�a�r�g�e�r� �a�m�o�u�n�t� �o�f� 

�e�l�e�c�t�r�o�n� �s�p�i�n� �d�e�n�s�i�t�y� �c�a�n� �b�e� �i�n�d�u�c�e�d� �a�n� �t�h�e� �c�a�r�b�o�n� �s�i�t�e�.� �T�h�e�r�e�f�o�r�e�,� �a� �l�a�r�g�e�r� �s�c�a�l�a�r� 

�e�n�h�a�n�c�e�m�e�n�t� �c�a�n� �b�e� �e�x�p�e�c�t�e�d� �f�o�r� �t�h�e� �c�a�r�b�o�n� �s�i�t�e�s� �o�f� �t�h�i�s� �m�o�l�e�c�u�l�e�s� �e�x�c�e�p�t� �f�o�r� �t�h�e� �s�p�e�c�i�a�l� 

�c�a�s�e� �o�f� �2�,� �4�-�p�e�n�t�a�n�e�d�i�o�n�e�.� �F�o�r� �t�h�e� �c�a�r�b�o�n�y�l� �g�r�o�u�p�s� �o�f� �t�h�e�s�e� �m�o�l�e�c�u�l�e�,� �a� �s�m�a�l�l�e�r� �a�m�o�u�n�t� �o�f� 

�e�l�e�c�t�r�o�n� �s�p�i�n� �d�e�n�s�i�t�y� �c�a�n� �b�e� �i�n�d�u�c�e�d� �a�t� �t�h�e� 
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�T�a�b�l�e� �4�.�8�.�  ��°�C� �D�N�P� �E�n�h�a�n�c�e�m�e�n�t�s� �a�n�d� �t�h�e� �p�K�a� �V�a�l�u�e�s� �o�f� �C�-�H� 
�B�o�n�d� �f�o�r� �D�i�e�t�h�y�l� �m�a�l�o�n�a�t�e�,� �E�t�h�y�l� �a�c�e�t�o�a�c�e�t�a�t�e�,� 
�2�,� �4�-�P�e�n�t�a�n�e�d�i�o�n�e�,� �a�n�d� �N�i�t�r�o�m�e�t�h�a�n�e� �w�i�t�h� �0�.�1� �M� �T�E�M�P�O� 

� � 

� � 

� � 

� � 

� � 

� � � � � � � � � � � � � � � � 

�M�o�l�e�c�u�l�e�s� �C�a�r�b�o�n� �s�i�t�e�*� �P�e�a�k� �A�a�?� �p�K�,� 
�p�o�s�i�t�i�o�n� �v�a�l�u�e �� �o�f� 

�(�p�p�m�)� �C�-�H� �b�o�n�d� 
�D�i�e�t�h�y�l� �-�C�H�)�>�-� �4�1�.�6�9� �4�0�1�+�6�0� �1�3� 
�m�a�l�o�n�a�t�e� 

�E�t�h�y�l� �-�C�H�>�-� �4�9�.�8�7� �4�4�0�+�6�6� �1�1� 
�a�c�e�t�o�a�c�e�t�a�t�e� 

�2�,� �4�-� �-�C�H�)�>�-� �5�7�.�9�4� �8�8�.�0�+�1�3�.�2� �9� 
�P�e�n�t�a�n�e�d�i�o�n�e� 

�(�k�e�t�o� �f�o�r�m�)� 
�2�,� �4�-� �-�C�H�=� �9�9�.�9�8� �-�5�4�.�0�+�8�.�1� �N�/�A� 

�P�e�n�t�a�n�e�d�i�o�n�e� 
�(�e�n�o�l� �f�o�r�m�)� 

�N�i�t�r�o�m�e�t�h�a�n�e� �-�C�H�;� �6�1�.�9�3� �9�9�6�4�1�4�9� �1�0� 

�N�o�t�e�:� 

�a�.� �T�h�e� �c�a�r�b�o�n� �s�i�t�e� �f�o�r� �t�h�e� �B�-�d�i�c�a�r�b�o�n�y�l� �d�e�r�i�v�a�t�i�v�e�s� �r�e�f�e�r�s� �t�o� �t�h�e� �c�a�r�b�o�n� �n�u�c�l�e�u�s� �i�n� 
�b�e�t�w�e�e�n� �t�h�e� �t�w�o� �c�a�r�b�o�n�y�l� �g�r�o�u�p�s�.� �T�h�e� �c�a�r�b�o�n� �s�i�t�e� �f�o�r� �t�h�e� �n�i�t�r�o�m�e�t�h�a�n�e� �m�e�a�n�s� 
�t�h�e� �a�-�c�a�r�b�o�n� �p�o�s�i�t�i�o�n�.� 

�b�.� �T�h�e� �'�°�C� �D�N�P� �u�l�t�i�m�a�t�e� �e�n�h�a�n�c�e�m�e�n�t� �o�f� �b�e�n�z�e�n�e� �(�4�; � �� �=�-�2�0�0�)� �w�a�s� �u�s�e�d� �a�s� �t�h�e� 
�r�e�f�e�r�e�n�c�e� �f�o�r� �t�h�e� �c�a�l�c�u�l�a�t�i�o�n� �o�f� �t�h�e� �u�l�t�i�m�a�t�e� �e�n�h�a�n�c�e�m�e�n�t�s�.� �T�h�e� �e�s�t�i�m�a�t�e�d� 
�s�t�a�n�d�a�r�d� �d�e�v�i�a�t�i�o�n� �o�f� �t�h�e� �c�a�l�c�u�l�a�t�e�d� �u�l�t�i�m�a�t�e� �e�n�h�a�n�c�e�m�e�n�t� �i�s� �1�5�%�.� 

�c�.� �R�e�f�e�r�e�n�c�e� �7�4�.� 
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�-�7�4�4� �-�2�3�6� 

�a�2� �C�Y� 
�3�K�a�H�2�0�,�0�0� �C� �p�K�a�H�1�6�.� 

 ��F�o�  ��e� �4� 

�n�A� �K�N�  ��T�e�e� �i�  ��T�U�L� �#�2�8� 

�-�4�o�1�_�}� �,� �9�6�3�)� 
�3� �p�K�a�=�1� 

� � 

 ��3�0�0� �o�i� 

 ��a� �5�4�,� �0�)� 
�p�K�a�=�1�0� 

�p�K�a�=�9� 

�F�i�g�u�r�e� �4�.�8�.� �A�c�e�t�a�l�d�e�h�y�d�e�,� �K�e�t�o�n�e�s�,� �E�s�t�e�r�s�,� �a�n�d� �N�i�t�r�o�m�e�t�h�a�n�e� �/� �T�E�M�P�O� �S�y�s�t�e�m�s� 

�'�5�C� �S�c�a�l�a�r� �a�n�d� �D�i�p�o�l�a�r� �D�N�P� �E�n�h�a�n�c�e�m�e�n�t�s� �(�A�.�.�)� �a�n�d� �t�h�e� �p�K�a� �V�a�l�u�e�s� 
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�c�a�r�b�o�n� �n�u�c�l�e�u�s� �d�u�e� �t�o� �t�h�e� �d�e�c�r�e�a�s�e� �o�f� �t�h�e� �s�p�i�n� �p�o�l�a�r�i�z�a�t�i�o�n� �e�f�f�e�c�t� �a�l�o�n�g� �t�h�e� �c�o�v�a�l�e�n�t� 

�b�o�n�d�s�.� �W�h�e�n� �t�h�e� �s�c�a�l�a�r� �c�o�n�t�r�i�b�u�t�i�o�n� �i�s� �s�m�a�l�l�,� �t�h�e� �D�N�P� �e�n�h�a�n�c�e�m�e�n�t� �i�s� �d�o�m�i�n�a�t�e�d� �b�y� �t�h�e� 

�d�i�p�o�l�a�r� �i�n�t�e�r�a�c�t�i�o�n� �b�e�c�a�u�s�e� �d�i�p�o�l�a�r� �c�o�u�p�l�i�n�g� �i�s� �a�l�w�a�y�s� �p�r�e�s�e�n�t� �i�n� �t�h�e� �s�y�s�t�e�m� �a�n�d� �i�s� 

�i�n�d�e�p�e�n�d�e�n�t� �o�f� �t�h�e� �c�h�e�m�i�c�a�l� �e�n�v�i�r�o�n�m�e�n�t� �o�f� �c�a�r�b�o�n� �n�u�c�l�e�i�.� �H�o�w�e�v�e�r�,� �d�i�p�o�l�a�r� 

�e�n�h�a�n�c�e�m�e�n�t� �d�e�p�e�n�d�s� �o�n� �t�h�e� �c�o�r�r�e�l�a�t�i�o�n� �t�i�m�e� �o�f� �t�h�e� �s�a�m�p�l�e� �m�o�l�e�c�u�l�e� �a�s� �w�e�l�l� �a�s� �t�h�e� 

�a�p�p�l�i�e�d� �m�a�g�n�e�t�i�c� �f�i�e�l�d� �s�t�r�e�n�g�t�h�.� �S�i�n�c�e� �t�h�e� �m�o�l�e�c�u�l�a�r� �s�i�z�e�s� �o�f� �t�h�e� �B�-�d�i�c�a�r�b�o�n�y�l� �m�o�l�e�c�u�l�e�s� 

�s�t�u�d�i�e�d� �i�n� �t�h�i�s� �w�o�r�k� �a�r�e� �v�e�r�y� �c�l�o�s�e� �,� �t�h�e� �c�o�r�r�e�l�a�t�i�o�n� �t�i�m�e�s� �f�o�r� �t�h�e�s�e� �m�o�l�e�c�u�l�e�s� �c�a�n� �b�e� 

�e�x�p�e�c�t�e�d� �t�o� �b�e� �c�l�o�s�e�.� �T�h�e�r�e�f�o�r�e�,� �t�h�e� �d�i�p�o�l�a�r� �d�o�m�i�n�a�t�e�d� �'�°�C� �D�N�P� �e�n�h�a�n�c�e�m�e�n�t�s� �f�o�r� �t�h�e� 

�c�a�r�b�o�n�y�l� �g�r�o�u�p�s� �a�r�e� �c�l�o�s�e� �e�x�c�e�p�t� �f�o�r� �2�,� �4�-�p�e�n�t�a�n�e�d�i�o�n�e�.� �T�h�e� �°�C� �D�N�P� �e�n�h�a�n�c�e�m�e�n�t�s� �f�o�r� 

�o�t�h�e�r� �c�a�r�b�o�n� �s�i�t�e�s� �o�f� �t�h�e�s�e� �m�o�l�e�c�u�l�e�s� �c�a�n� �b�e� �u�n�d�e�r�s�t�o�o�d� �b�y� �u�s�i�n�g� �t�h�e� �s�p�i�n� �p�o�l�a�r�i�z�a�t�i�o�n� 

�m�o�d�e�l� �a�n�d� �b�y� �c�o�n�s�i�d�e�r�i�n�g� �t�h�e� �n�e�t� �e�f�f�e�c�t� �o�f� �t�h�e� �s�c�a�l�a�r� �a�n�d� �d�i�p�o�l�a�r� �c�o�n�t�r�i�b�u�t�i�o�n�s� �f�o�r� �t�h�e� �'�°�C� 

�D�N�P� �e�n�h�a�n�c�e�m�e�n�t�.� 
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�4�.�2� �°�C� �D�N�P� �S�t�u�d�i�e�s� �o�f� �T�o�l�u�e�n�e�,� �1�,� �2�-�D�i�c�h�l�o�r�o�b�e�n�z�e�n�e�,� �a�n�d� �N�i�t�r�o�b�e�n�z�e�n�e� �i�n� 

�T�E�M�P�O�/�C�y�c�l�o�h�e�x�a�n�e� �S�o�l�u�t�i�o�n�s� 

�4�.�2�.�1� �I�n�t�r�o�d�u�c�t�i�o�n� 

�A� �f�l�o�w� �t�r�a�n�s�f�e�r� �°�C� �D�N�P� �s�t�u�d�y� �o�f� �t�h�e� �s�u�b�s�t�i�t�u�t�e�d� �a�r�o�m�a�t�i�c� �c�o�m�p�o�u�n�d�s� �h�a�s� �b�e�e�n� 

�c�o�n�d�u�c�t�e�d� �f�o�r� �m�o�n�o�-� �a�n�d� �t�r�i�-� �c�h�l�o�r�o�b�e�n�z�e�n�e�s�,� �s�u�c�h� �a�s�,� �|�-�c�h�l�o�r�o�b�e�n�z�e�n�e� �a�n�d� �1�,� �3�,� �5�-� 

�t�r�i�c�h�l�o�r�o�b�e�n�z�e�n�e�.�'� �F�o�r� �l�-�c�h�l�o�r�o�b�e�n�z�e�n�e�,� �t�h�e� �c�a�r�b�o�n� �n�u�c�l�e�u�s� �a�t�t�a�c�h�e�d� �t�o� �t�h�e� �c�h�l�o�r�i�n�e� 

�e�x�h�i�b�i�t�e�d� �a� �l�a�r�g�e� �n�e�g�a�t�i�v�e� �d�i�p�o�l�a�r� �d�o�m�i�n�a�t�e�d� �e�n�h�a�n�c�e�m�e�n�t�,� �w�h�e�r�e�a�s� �t�h�e� �c�a�r�b�o�n� �a�d�j�a�c�e�n�t� 

�t�o� �t�h�e� �C�-�1� �s�h�o�w�e�d� �a� �l�a�r�g�e� �s�c�a�l�a�r� �d�o�m�i�n�a�t�e�d� �e�n�h�a�n�c�e�m�e�n�t�.� �S�i�m�i�l�a�r�l�y�,� �f�o�r� �1�,� �3�,� �5�-� 

�t�r�i�c�h�l�o�r�o�b�e�n�z�e�n�e�,� �t�h�e� �c�a�r�b�o�n� �s�i�t�e�s� �o�f� �1�,� �3�,� �5� �e�x�h�i�b�i�t�e�d� �a� �l�a�r�g�e� �n�e�g�a�t�i�v�e� �d�i�p�o�l�a�r� �d�o�m�i�n�a�t�e�d� 

�D�N�P� �e�n�h�a�n�c�e�m�e�n�t�,� �w�h�e�r�e�a�s�,� �t�h�e� �c�a�r�b�o�n�s� �a�t� �2�,� �4�,� �6� �s�h�o�w�e�d� �a� �l�a�r�g�e� �p�o�s�i�t�i�v�e� �s�c�a�l�a�r� 

�d�o�m�i�n�a�t�e�d� �e�n�h�a�n�c�e�m�e�n�t�.� �T�h�e� �l�a�r�g�e� �s�c�a�l�a�r� �e�n�h�a�n�c�e�m�e�n�t� �a�t� �t�h�e� �c�a�r�b�o�n� �s�i�t�e�s� �a�d�j�a�c�e�n�t� �t�o� �t�h�e� 

�c�h�l�o�r�i�n�a�t�e�d� �c�a�r�b�o�n� �p�o�s�i�t�i�o�n� �w�a�s� �i�n�t�e�r�p�r�e�t�e�d� �a�s� �t�h�e� �p�o�s�s�i�b�l�e� �w�e�a�k� �c�o�m�p�l�e�x�a�t�i�o�n� �o�f� 

�T�E�M�P�O� �w�i�t�h� �t�h�e� �h�y�d�r�o�g�e�n� �a�t�t�a�c�h�e�d� �t�o� �t�h�e� �c�a�r�b�o�n�s� �o�f� �i�n�t�e�r�e�s�t�.� �T�h�e� �d�r�i�v�i�n�g� �f�o�r�c�e� �f�o�r� �t�h�e� 

�h�y�d�r�o�g�e�n�-�T�E�M�P�O� �c�o�m�p�l�e�x�a�t�i�o�n� �w�a�s� �a�t�t�r�i�b�u�t�e�d� �t�o� �t�h�e� �p�r�e�s�e�n�c�e� �o�f� �t�h�e� �e�l�e�c�t�r�o�n� �a�t�t�r�a�c�t�i�n�g� 

�c�h�l�o�r�i�n�e� �a�t�o�m� �o�n� �t�h�e� �b�e�n�z�e�n�e� �r�i�n�g�.� 

�A�l�t�h�o�u�g�h� �t�h�e� �t�r�a�n�s�i�e�n�t� �h�y�d�r�o�g�e�n� �b�o�n�d�i�n�g� �w�a�s� �b�e�l�i�e�v�e�d� �t�o� �p�l�a�y� �a�n� �i�m�p�o�r�t�a�n�t� �r�o�l�e� �i�n� 

�t�h�e� �'�°�C� �D�N�P� �s�c�a�l�a�r� �e�n�h�a�n�c�e�m�e�n�t�s� �o�f� �a�r�o�m�a�t�i�c� �m�o�l�e�c�u�l�e�s�, �� �a�s� �i�n� �t�h�e� �c�a�s�e� �o�f�  ��°�C� �D�N�P� 

�s�t�u�d�i�e�s� �o�f� �a�l�i�p�h�a�t�i�c� �m�o�l�e�c�u�l�e�s�,� �n�o� �e�l�e�c�t�r�o�n� �s�p�i�n� �t�r�a�n�s�f�e�r� �m�e�c�h�a�n�i�s�m� �h�a�s� �b�e�e�n� �r�e�p�o�r�t�e�d� �t�o� 

�c�l�a�r�i�f�y� �t�h�e� �s�p�i�n� �t�r�a�n�s�f�e�r� �p�r�o�c�e�s�s� �t�h�r�o�u�g�h� �t�h�e� �w�e�a�k� �h�y�d�r�o�g�e�n� �b�o�n�d�i�n�g� �b�e�t�w�e�e�n� �t�h�e� �a�r�o�m�a�t�i�c� 
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�m�o�l�e�c�u�l�e� �a�n�d� �t�h�e� �f�r�e�e� �r�a�d�i�c�a�l� �f�o�r� �t�h�e� �°�C� �D�N�P� �e�x�p�e�r�i�m�e�n�t�s�.� �A�l�s�o�,� �v�e�r�y� �l�i�m�i�t�e�d� �3�C� �D�N�P� 

�d�a�t�a� �i�s� �a�v�a�i�l�a�b�l�e� �f�o�r� �t�h�e� �a�r�o�m�a�t�i�c� �m�o�l�e�c�u�l�e�s� �t�o� �v�e�r�i�f�y� �a� �p�r�o�p�o�s�e�d� �s�p�i�n� �t�r�a�n�s�f�e�r� �m�o�d�e�l�.� 

�I�n� �t�h�i�s� �w�o�r�k�,� �1�,� �2�-�d�i�c�h�l�o�r�o�b�e�n�z�e�n�e� �w�a�s� �s�t�u�d�i�e�d� �b�y�  ��°�C� �D�N�P�,� �a�n�d� �t�h�e� �r�e�s�u�l�t� �w�a�s� 

�c�o�m�p�a�r�e�d� �w�i�t�h� �t�h�o�s�e� �o�f� �t�h�e� �o�t�h�e�r� �t�w�o� �c�h�l�o�r�o�b�e�n�z�e�n�e�s� �i�n�v�e�s�t�i�g�a�t�e�d� �b�e�f�o�r�e�.� �S�i�n�c�e� �c�h�l�o�r�i�n�e� 

�i�s� �a�n� �u�n�u�s�u�a�l� �s�c�a�l�a�r� �e�n�h�a�n�c�e�m�e�n�t� �f�u�n�c�t�i�o�n�a�l� �g�r�o�u�p� �w�h�o�s�e� �w�o�r�k�i�n�g� �m�e�c�h�a�n�i�s�m� �h�a�s� �n�o�t� �y�e�t� 

�b�e�e�n� �r�e�s�o�l�v�e�d�, � � � ��?� �i�t� �w�a�s� �d�e�s�i�r�e�d� �t�o� �r�e�p�l�a�c�e� �t�h�i�s� �e�l�e�c�t�r�o�n� �a�t�t�r�a�c�t�i�n�g� �g�r�o�u�p� �w�i�t�h� �o�t�h�e�r� 

�f�u�n�c�t�i�o�n�a�l� �g�r�o�u�p�s�,� �e�.�g�.�,� �n�i�t�r�o� �g�r�o�u�p�s� �w�h�i�c�h� �i�s� �i�n�e�r�t� �t�o� �n�i�t�r�o�x�i�d�e� �f�r�e�e� �r�a�d�i�c�a�l�s�.� �T�o�l�u�e�n�e� �w�a�s� 

�a�l�s�o� �i�n�v�e�s�t�i�g�a�t�e�d� �i�n� �o�r�d�e�r� �t�o� �s�e�e� �t�h�e� �e�l�e�c�t�r�o�n� �r�e�l�e�a�s�i�n�g� �e�f�f�e�c�t� �o�f� �t�h�e� �m�e�t�h�y�l� �g�r�o�u�p� �o�n� �t�h�e� 

�D�N�P� �e�n�h�a�n�c�e�m�e�n�t� �o�f� �t�h�e� �c�a�r�b�o�n�s� �o�n� �t�h�e� �b�e�n�z�e�n�e� �r�i�n�g�.� 

�4�.�2�.�2� �3�C� �D�N�P� �S�t�u�d�i�e�s� �o�f� �N�i�t�r�o�b�e�n�z�e�n�e�,� �1�,� �2�-�D�i�c�h�l�o�r�o�b�e�n�z�e�n�e�,� �a�n�d� �T�o�l�u�e�n�e� �i�n� 

�T�E�M�P�O�/�C�y�c�l�o�h�e�x�a�n�e� �S�o�l�u�t�i�o�n�s� 

�A�s� �c�a�n� �b�e� �s�e�e�n� �f�r�o�m� �F�i�g�u�r�e� �4�.�9� �a�n�d� �T�a�b�l�e� �4�.�9�,� �t�h�e� �c�a�r�b�o�n� �s�i�t�e� �a�t�t�a�c�h�e�d� �t�o� �t�h�e� �n�i�t�r�o� 

�g�r�o�u�p� �s�h�o�w�s� �a� �l�a�r�g�e� �d�i�p�o�l�a�r� �d�o�m�i�n�a�t�e�d� �D�N�P� �e�n�h�a�n�c�e�m�e�n�t�,� �w�h�e�r�e�a�s� �t�h�e� �c�a�r�b�o�n�s� �a�d�j�a�c�e�n�t� 

�t�o� �i�t� �e�x�h�i�b�i�t� �a� �l�a�r�g�e� �s�c�a�l�a�r� �d�o�m�i�n�a�t�e�d� �e�n�h�a�n�c�e�m�e�n�t�.� �I�n� �a�d�d�i�t�i�o�n�,� �t�h�e� �C�-�3� �a�n�d� �C�-�4� �p�o�s�i�t�i�o�n�s� 

�a�l�s�o� �e�x�h�i�b�i�t� �l�a�r�g�e� �s�c�a�l�a�r� �d�o�m�i�n�a�t�e�d� �e�n�h�a�n�c�e�m�e�n�t�s�.� �T�h�e�s�e� �r�e�s�u�l�t�s� �i�n�d�i�c�a�t�e� �t�h�a�t� �t�h�e� �e�l�e�c�t�r�o�n� 

�a�t�t�r�a�c�t�i�n�g� �g�r�o�u�p�s� �o�n� �t�h�e� �b�e�n�z�e�n�e� �r�i�n�g� �d�o� �p�r�o�m�o�t�e� �t�h�e� �s�c�a�l�a�r� �e�n�h�a�n�c�e�m�e�n�t� �o�f� �t�h�e� �a�r�o�m�a�t�i�c� 

�c�a�r�b�o�n�s� �e�x�c�e�p�t� �f�o�r� �t�h�e� �c�a�r�b�o�n� �d�i�r�e�c�t�l�y� �c�o�n�n�e�c�t�e�d� �t�o� �t�h�e� �f�u�n�c�t�i�o�n�a�l� �g�r�o�u�p�.� 

�A�l�t�h�o�u�g�h� �t�h�e� �a�c�i�d�i�t�y� �o�f� �t�h�e� �a�r�o�m�a�t�i�c� �h�y�d�r�o�g�e�n�s� �o�f� �n�i�t�r�o�b�e�n�z�e�n�e� �(�p�K�a�~�3�0�-�4�0�)� �i�s� 

�m�u�c�h� �w�e�a�k�e�r� �t�h�a�n� �t�h�a�t� �o�f� �a�c�e�t�o�n�e� �(�p�K�a�=�2�0�)�,� �t�h�e� �s�c�a�l�a�r� �c�o�m�p�o�n�e�n�t� �f�o�r� �t�h�e� �h�y�d�r�o�g�e�n� 
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�(�a�)� �S�t�a�t�i�c� �N�M�R� �S�p�e�c�t�r�u�m� 

�1�0�0� �s�c�a�n�s� 

�1�2�9�.�3�7� 

�(�b�)� �D�N�P� �S�p�e�c�t�r�u�m� 

�1�2�3�.�4�3� 

�1�2�9�.�3�7� 

�1�3�4�.�3�0� 

�y�s� �a�N� �s�o�a�p� �a�r�g�e�n�n�c�e�r�e�n� 

�1�4�8�.�8�4� 

�1�0�0� �s�c�a�n�s� 

�F�i�g�u�r�e� �4�.�9�.� �L�i�q�u�i�d� �P�h�a�s�e� �'�°�C� �N�M�R� �(�5�0�.�1� �M�H�z�)� �a�n�d� �D�N�P� �S�p�e�c�t�r�a� �f�o�r� 

� � 

� � 

�2�6� �9�0� 

�2�6�.�9�0� 

�N�i�t�r�o�b�e�n�z�e�n�e�/�C�y�c�l�o�h�e�x�a�n�e� �(�1�0�/�9�0�,� �v�/�v�%�)�/�0�.�1� �M� �T�E�M�P�O�:� �(�a�)� �S�t�a�t�i�c� �N�M�R� 
�S�p�e�c�t�r�u�m� �(�1�0�0� �S�c�a�n�s�)�;� �(�b�)� �F�l�o�w� �T�r�a�n�s�f�e�r� �D�N�P� �S�p�e�c�t�r�u�m� �(�6� �m�L�/�m�i�n�,� �1�0�0� 
�S�c�a�n�s�)�.� 
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�T�a�b�l�e� �4�.�9�.� �L�i�q�u�i�d� �P�h�a�s�e� �'�*�C� �D�N�P� �E�n�h�a�n�c�e�m�e�n�t� �a�n�d� �R�e�l�a�x�a�t�i�o�n� 
�D�a�t�a� �f�o�r� �N�i�t�r�o�b�e�n�z�e�n�e�/�C�y�c�l�o�h�e�x�a�n�e�(�1�0�/�9�0�,� �v�/�v�%�)�/�0�.�1� �M� �T�E�M�P�O� 

� � 

� � 

� � 

� � 

� � 

� � � � � � � � � � � � � � 
� � � � 

�C�a�r�b�o�n� �|� �P�e�a�k�®� �T�i�o�°� �T�i� �°� �f� �A�.� �B�e�b�e� 
�T�y�p�e� �P�o�s�i�t�i�o�n� �(� �S�e�c�.� �)� �(� �S�e�c�.� �)� 

�(�p�p�m� �)� 
�C�-�1� �1�4�8�.�5�4� �4�5�.�7� �1�.�4�5� �0�.�9�6�8� �-�5�7�2�+�8�6� 
�C�-�2� �1�2�3�.�4�3� �1�2�.�4� �1�.�6�2� �0�.�8�6�9� �5�8�7�+�8�8� 
�C�-�3� �1�2�9�.�3�7� �1�3�.�7� �1�.�0�3� �0�.�9�2�5� �1�9�8�+�3�0� 
�C�-�4� �1�3�4�.�3�0� �8�.�2�5� �0�.�8�0�7� �0�.�9�0�2� �3�6�6�+�5�5� 

�C�e�H�i�2� �2�6�.�9�0� �1�2�.�8� �1�.�6�0� �0�.�8�7�5� �-�2�7�0�+�4�0� 

�Y�o� 
�©�:� 

�3� 
�4� 

�N�o�t�e�:� 

�(�a�)� �R�a�t�i�o� �m�e�t�h�o�d� �w�a�s� �u�s�e�d� �t�o� �c�a�l�c�u�l�a�t�e� �t�h�e� �D�N�P� �u�l�t�i�m�a�t�e� �e�n�h�a�n�c�e�m�e�n�t�s� 

�(�b�)� �'�H� �b�r�o�a�d�-�b�a�n�d� �d�e�c�o�u�p�l�i�n�g� �w�a�s� �e�m�p�l�o�y�e�d� �t�o� �e�l�i�m�i�n�a�t�e� �p�r�o�t�o�n�-�c�a�r�b�o�n� �c�o�u�p�l�i�n�g�.� 

�(�c�)� �T�,� �a�n�d� �T�}�o� �a�r�e� �t�h�e� �s�p�i�n�-�l�a�t�t�i�c�e� �r�e�l�a�x�a�t�i�o�n� �t�i�m�e�s� �o�f� �t�h�e� �c�a�r�b�o�n� �n�u�c�l�e�i� �w�i�t�h� �a�n�d� �w�i�t�h�o�u�t� 
�T�E�M�P�O� �i�n� �t�h�e� �s�a�m�p�l�e� �s�o�l�u�t�i�o�n�,� �r�e�s�p�e�c�t�i�v�e�l�y�.� 

�(�d�)� �T�h�e� �l�e�a�k�a�g�e� �f�a�c�t�o�r� �f� �w�a�s� �c�a�l�c�u�l�a�t�e�d� �b�a�s�e�d� �o�n� �T�;� �m�e�a�s�u�r�e�m�e�n�t�s� �a�t� �4�.�7� �T� �m�a�g�n�e�t�i�c� �f�i�e�l�d�.� 

�(�e�)� �T�h�e� �0�.�3�3� �T� �'�°�C� �D�N�P� �e�n�h�a�n�c�e�m�e�n�t�s� �w�e�r�e� �m�o�n�i�t�o�r�e�d� �a�t� �4�.�7� �T�.� �A�l�l� �d�a�t�a� �w�a�s� �o�b�t�a�i�n�e�d� �a�t� 
�r�o�o�m� �t�e�m�p�e�r�a�t�u�r�e�.� 

�(�f�)� �C�y�c�l�o�h�e�x�a�n�e� �w�a�s� �u�s�e�d� �a�s� �t�h�e� �r�e�f�e�r�e�n�c�e� �c�o�m�p�o�u�n�d� �w�i�t�h� �4 ��%� �=� �-�2�7�0�+�4�0�.� 

�(�g�)� �T�h�e� �u�l�t�i�m�a�t�e�  ��°�C� �D�N�P� �e�n�h�a�n�c�e�m�e�n�t� �A�.�.�.� �i�s� �a�n� �a�v�e�r�a�g�e� �v�a�l�u�e� �o�f� �f�o�u�r� �m�e�a�s�u�r�e�m�e�n�t�s� �a�t� 
�d�i�f�f�e�r�e�n�t� �p�o�w�e�r� �l�e�v�e�l�s�.� �T�h�e� �e�s�t�i�m�a�t�e�d� �r�e�l�a�t�i�v�e� �s�t�a�n�d�a�r�d� �d�e�v�i�a�t�i�o�n� �f�o�r� �A�.�~� �i�s� �a�b�o�u�t� �1�5�%�.� 
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�a�t�t�a�c�h�e�d� �a�r�o�m�a�t�i�c� �c�a�r�b�o�n�s� �i�s� �m�u�c�h� �l�a�r�g�e�r� �t�h�a�n� �t�h�a�t� �o�f� �a�c�e�t�o�n�e�.� �I�f� �t�h�e� �h�y�d�r�o�g�e�n� �b�o�n�d�i�n�g� 

�s�p�i�n� �p�o�l�a�r�i�z�a�t�i�o�n� �m�o�d�e�l� �i�s� �u�s�e�d� �t�o� �p�r�e�d�i�c�t� �t�h�e� �s�c�a�l�a�r� �c�o�m�p�o�n�e�n�t� �f�o�r� �t�h�e� �h�y�d�r�o�g�e�n� �a�t�t�a�c�h�e�d� 

�a�r�o�m�a�t�i�c� �c�a�r�b�o�n�s�,� �d�i�p�o�l�a�r� �d�o�m�i�n�a�t�e�d� �'�*�C� �D�N�P� �e�n�h�a�n�c�e�m�e�n�t�s� �w�o�u�l�d� �b�e� �e�x�p�e�c�t�e�d� �f�o�r� �t�h�e�s�e� 

�c�a�r�b�o�n� �s�i�t�e�s�.� �H�o�w�e�v�e�r�,� �t�h�i�s� �i�s� �n�o�t� �t�r�u�e�.� �T�h�e� �s�c�a�l�a�r� �c�o�m�p�o�n�e�n�t�s� �d�i�f�f�e�r�e�n�c�e� �b�e�t�w�e�e�n� 

�n�i�t�r�o�b�e�n�z�e�n�e� �a�n�d� �a�c�e�t�o�n�e� �c�a�n�n�o�t� �a�r�i�s�e� �f�r�o�m� �t�h�e� �c�o�r�r�e�l�a�t�i�o�n� �t�i�m�e� �d�i�f�f�e�r�e�n�c�e� �b�e�c�a�u�s�e� �t�h�e� 

�m�o�l�e�c�u�l�a�r� �s�i�z�e�s� �o�f� �t�h�e�s�e� �t�w�o� �m�o�l�e�c�u�l�e�s� �a�r�e� �v�e�r�y� �c�l�o�s�e�.� �F�r�o�m� �t�h�e� �a�b�o�v�e� �c�o�m�p�a�r�i�s�o�n�,� �i�t� �i�s� 

�c�l�e�a�r� �t�h�a�t� �t�h�e� �e�l�e�c�t�r�o�n� �s�p�i�n� �p�o�l�a�r�i�z�a�t�i�o�n� �m�o�d�e�l� �c�a�n�n�o�t� �b�e� �u�s�e�d� �t�o� �e�x�p�l�a�i�n� �t�h�e�  ��°�C� �D�N�P� 

�r�e�s�u�l�t� �o�f� �n�i�t�r�o�b�e�n�z�e�n�e�.� �A�n�o�t�h�e�r� �m�o�d�e�l� �n�e�e�d� �t�o� �b�e� �u�s�e�d� �t�o� �r�e�v�e�a�l� �t�h�e� �e�l�e�c�t�r�o�n� �s�p�i�n� �d�e�n�s�i�t�y� 

�t�r�a�n�s�f�e�r� �p�r�o�c�e�s�s� �f�o�r� �t�h�e� �n�i�t�r�o�b�e�n�z�e�n�e�/�T�E�M�P�O� �s�y�s�t�e�m�.� 

�T�h�e�  ��°�C� �D�N�P� �r�e�s�u�l�t�s� �(�F�i�g�u�r�e� �4�.�1�0�,� �T�a�b�l�e� �4�.�1�0�)� �o�f� �1�,� �2�-�d�i�c�h�l�o�r�o�b�e�n�z�e�n�e� �w�a�s� 

�o�b�t�a�i�n�e�d� �v�i�a� �t�h�e� �e�x�h�a�u�s�t�i�v�e� �m�e�t�h�o�d�,� �a�n�d� �t�h�e� �c�a�l�c�u�l�a�t�e�d� �u�l�t�i�m�a�t�e� �D�N�P� �e�n�h�a�n�c�e�m�e�n�t� �f�o�r�m�s� 

�a� �r�e�a�s�o�n�a�b�l�e� �t�r�e�n�d� �w�i�t�h� �t�h�e� �p�r�e�v�i�o�u�s� �r�e�s�u�l�t�s� �o�f� �m�o�n�o�-� �a�n�d� �t�r�i�-�c�h�l�o�r�o�b�e�n�z�e�n�e�s� �(�T�a�b�l�e� 

�4�.�1�2�)�.� �A�s� �s�h�o�w�n� �i�n� �F�i�g�u�r�e� �4�.�9�,� �t�h�e� �c�h�l�o�r�i�n�e� �s�u�b�s�t�i�t�u�t�e�d� �a�r�o�m�a�t�i�c� �c�a�r�b�o�n�s� �s�h�o�w�s� �d�i�p�o�l�a�r� 

�d�o�m�i�n�a�t�e�d� �e�n�h�a�n�c�e�m�e�n�t�,� �w�h�e�r�e�a�s�,� �t�h�e� �c�a�r�b�o�n�s� �a�d�j�a�c�e�n�t� �t�o� �t�h�e� �s�u�b�s�t�i�t�u�t�e�d� �c�a�r�b�o�n�s� �e�x�h�i�b�i�t� 

�s�t�r�o�n�g�e�s�t� �s�c�a�l�a�r� �e�n�h�a�n�c�e�m�e�n�t�.� �T�h�e� �c�a�r�b�o�n�s� �a�t� �C�-�4� �a�n�d� �C�-�5� �s�h�o�w� �w�e�a�k�e�r� �s�c�a�l�a�r� �d�o�m�i�n�a�n�c�e� 

�(�T�a�b�l�e� �4�.�1�0�)�.� �A�s� �i�n� �t�h�e� �c�a�s�e� �o�f� �n�i�t�r�o�b�e�n�z�e�n�e�,� �t�h�e� �l�a�r�g�e� �s�c�a�l�a�r� �c�o�m�p�o�n�e�n�t�s� �f�o�r� �t�h�e� �h�y�d�r�o�g�e�n� 

�a�t�t�a�c�h�e�d� �c�a�r�b�o�n�s� �o�f� �t�h�e� �c�h�l�o�r�i�n�e� �s�u�b�s�t�i�t�u�t�e�d� �b�e�n�z�e�n�e�s� �c�a�n�n�o�t� �b�e� �e�x�p�l�a�i�n�e�d� �b�y� �t�h�e� �s�p�i�n� 

�p�o�l�a�r�i�z�a�t�i�o�n� �m�o�d�e�l�.� 

�I�n� �c�o�n�t�r�a�s�t� �t�o� �1�,� �2�-�d�i�c�h�l�o�r�o�b�e�n�z�e�n�e� �a�n�d� �n�i�t�r�o�b�e�n�z�e�n�e�,� �a�l�l� �t�h�e� �c�a�r�b�o�n� �s�i�t�e�s� �o�f� 

�t�o�l�u�e�n�e� �s�h�o�w� �n�e�g�a�t�i�v�e� �d�i�p�o�l�a�r� �d�o�m�i�n�a�t�e�d� �e�n�h�a�n�c�e�m�e�n�t�s� �a�s� �i�l�l�u�s�t�r�a�t�e�d� �b�y� �F�i�g�u�r�e� �4�.�1�1� �a�n�d� 

�T�a�b�l�e� �4�.�1�1�.� �A�s� �e�x�p�e�c�t�e�d�,� �t�h�e� �D�N�P� �e�n�h�a�n�c�e�m�e�n�t�s� �a�t� �t�h�e� �p�o�s�i�t�i�o�n�s� �o�f� �t�h�e� �m�e�t�h�y�l� �g�r�o�u�p� �a�n�d� 
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�(�a�)� �S�t�a�t�i�c� �N�M�R� �S�p�e�c�t�r�u�m� 

� � � � � � 

� � � � 

�1�2�9�.�8�4� 

�1�2�7�,�0�2� 

�[�3�1�.�7�8� 

�2�0�0� �s�c�a�n�s� �2�6�,�9�0� 

�(�b�)� �D�N�P� �S�p�e�c�t�r�u�m� 

�2�0�0� �s�c�a�n�s� 

�1�2�9�.�8�4� 

�1�2�7�.�0�2� 

�|� �2�6�.�9�0� 

�1�3�1�.�7�8� 

�F�i�g�u�r�e� �4�.�1�0�.� �L�i�q�u�i�d� �P�h�a�s�e�  ��°�C� �N�M�R� �(�5�0�.�1� �M�H�z�)� �a�n�d� �D�N�P� �S�p�e�c�t�r�a� �f�o�r� �1�,� �2�-� 
�D�i�c�h�l�o�r�o�b�e�n�z�e�n�e� �(�O�D�C�B�)�/�C�y�c�l�o�h�e�x�a�n�e� �(�9�0�/�1�0�,� �v�/�v�%�)�/�0�.�1� �M� �T�E�M�P�O�:� �(�a�)� 
�S�t�a�t�i�c� �N�M�R� �S�p�e�c�t�r�u�m� �(�2�0�0� �S�c�a�n�s�)�;� �(�b�)� �F�l�o�w� �T�r�a�n�s�f�e�r� �D�N�P� �S�p�e�c�t�r�u�m� �(�6� 
�m�L�/�m�i�n�,� �2�0�0� �S�c�a�n�s�)�.� 

�1�0�0



�T�a�b�l�e� �4�.�1�0�.� �L�i�q�u�i�d� �P�h�a�s�e� �'�*�C� �D�N�P� �E�n�h�a�n�c�e�m�e�n�t� �a�n�d� �R�e�l�a�x�a�t�i�o�n� �D�a�t�a� �f�o�r� 
�1�,� �2� �-� �D�i�c�h�l�o�r�o�b�e�n�z�e�n�e� �(�O�D�C�B�)�/�C�y�c�l�o�h�e�x�a�n�e� �(�9�0�/�1�0�,� �v�/�v�%�)�/� �0�.�1� �M� �T�E�M�P�O� 

� � 

� � 

� � 

� � � � � � � � � � � � � � � � � � � � � � 

�C�a�r�b�o�n� �|� �P�e�a�k�?� �|� �T�i�o�°� �|� �7�1�°� �f� �s�®� �|� �a�e�r�o�)� �l�e�t� 
�T�y�p�e� �P�o�s�i�t�i�o�n� �|� �(� �S�e�c�.� �)� �|� �(� �S�e�c�.� �)� 

�(�p�p�m� �)� 
�C�-�1�,� �2� �1�3�1�.�7�8� �3�2�.�6� �2�.�1�9� �0�.�9�3�2� �|� �0�.�3�5�3� �-�2�.�7�7� �|� �-�1�2�0�+�1�8� 
�C�-�3�,� �6� �1�2�9�.�8�4� �1�0�.�5� �0�.�8�4�5� �|� �0�.�9�2�0� �|� �0�.�3�5�3� �4�.�0�6� �1�7�8�4�2�7� 
�C�-�4�,� �5� �1�2�7�.�0�2� �5�.�9�9� �0�.�8�1�9� �|� �0�.�8�6�3� �|� �0�.�3�5�3� �1�.�5�0� �6�9�.�9�4�1�0� 

�q� �C�l� 

�O�F� �5� �3� 
�4� 

�N�o�t�e�:� 

�(�a�)� �'�H� �b�r�o�a�d�-�b�a�n�d� �d�e�c�o�u�p�l�i�n�g� �w�a�s� �e�m�p�l�o�y�e�d� �t�o� �e�l�i�m�i�n�a�t�e� �p�r�o�t�o�n�-�c�a�r�b�o�n� �c�o�u�p�l�i�n�g�.� 

�(�b�)� �A�S �� �w�a�s� �o�b�t�a�i�n�e�d� �f�r�o�m� �t�h�e� �i�n�t�e�r�c�e�p�t� �o�f� �I�n�(�A�o�p�s�)� �v�e�r�s�u�s� �i�n�v�e�r�s�e� �f�l�o�w� �r�a�t�e� �(�2�.�0�0� �-� �9�.�0�0� 
�m�l�/�m�i�n�)�.� 

�(�c�)� �T�,� �a�n�d� �T�i�o� �a�r�e� �t�h�e� �s�p�i�n�-�l�a�t�t�i�c�e� �r�e�l�a�x�a�t�i�o�n� �t�i�m�e�s� �o�f� �t�h�e� �c�a�r�b�o�n� �n�u�c�l�e�i� �w�i�t�h� �a�n�d� �w�i�t�h�o�u�t� 
�T�E�M�P�O� �i�n� �t�h�e� �s�a�m�p�l�e� �s�o�l�u�t�i�o�n�,� �r�e�s�p�e�c�t�i�v�e�l�y�.� 

�(�d�)� �T�h�e� �l�e�a�k�a�g�e� �f�a�c�t�o�r� �f� �w�a�s� �c�a�l�c�u�l�a�t�e�d� �b�a�s�e�d� �o�n� �T�;� �m�e�a�s�u�r�e�m�e�n�t�s� �a�t� �4�.�7� �T� �m�a�g�n�e�t�i�c� �f�i�e�l�d�.� 
�T�h�e� �s�a�t�u�r�a�t�i�o�n� �f�a�c�t�o�r� �s� �w�a�s� �c�a�l�c�u�l�a�t�e�d� �f�r�o�m� �t�h�e� �p�l�o�t� �o�f� �1�/�A�,�p�;� �v�e�r�s�u�s� �1�/�P�,� �w�h�e�r�e� �P� �i�s� 

�t�h�e� �m�i�c�r�o�w�a�v�e� �p�o�w�e�r� �i�n� �w�a�t�t�s�.� 

�(�e�)� �T�h�e� �0�.�3�3� �T� �'�3�C� �D�N�P� �e�n�h�a�n�c�e�m�e�n�t�s� �w�e�r�e� �m�o�n�i�t�o�r�e�d� �a�t� �4�.�7� �T�.� �A�l�l� �d�a�t�a� �w�a�s� �o�b�t�a�i�n�e�d� �a�t� 
�r�o�o�m� �t�e�m�p�e�r�a�t�u�r�e�.� 

�(�f�)� �T�h�e� �u�l�t�i�m�a�t�e� �'�3�C� �D�N�P� �e�n�h�a�n�c�e�m�e�n�t� �A�.�,� �i�s� �t�h�e� �v�a�l�u�e� �o�f� �o�n�e� �m�e�a�s�u�r�e�m�e�n�t�.� �T�h�e� 
�e�s�t�i�m�a�t�e�d� �r�e�l�a�t�i�v�e� �s�t�a�n�d�a�r�d� �d�e�v�i�a�t�i�o�n� �f�o�r� �A�.� �i�s� �a�b�o�u�t� �1�5�%�.� 
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�(�a�)� �S�t�a�t�i�c� �N�M�R� �S�p�e�c�t�r�u�m� 

�1�2�8�.�8�8� 

�5�0� 
�1�2�8�.�1�0� �2�6� 

�1�0�0� �s�c�a�n�s� 

�1�3�7�.�2�5� 

� � 

� � 

� � � � 

� � 

�(�b�)� �D�N�P� �S�p�e�c�t�r�u�m� 

�1�2�5�.�2�8� �|� �A� 
�2�1�.�0�6� 

�1�0�0� �s�c�a�n�s� 

�1�2�8�.�1�0� 

�1�3�7�.�2�5� 

�1�2�8�.�8�8� � � 
�2�6�.�9�0� 

�F�i�g�u�r�e� �4�.�1�1�.� �L�i�q�u�i�d� �P�h�a�s�e� �'�3�C� �N�M�R� �(�5�0�.�1� �M�H�z�)� �a�n�d� �D�N�P� �S�p�e�c�t�r�a� �f�o�r� 
�T�o�l�u�e�n�e�/�C�y�c�l�o�h�e�x�a�n�e� �(�4�0�/�6�0�,� �v�/�v�%�)�/�0�.�1� �M� �T�E�M�P�O�:� �(�a�)� �S�t�a�t�i�c� �N�M�R� 
�S�p�e�c�t�r�u�m� �(�1�0�0� �S�c�a�n�s�)�;� �(�b�)� �F�l�o�w� �T�r�a�n�s�f�e�r� �D�N�P� �S�p�e�c�t�r�u�m� �(�6� �m�L�/�m�i�n�,� �1�0�0� 
�S�c�a�n�s�)�.� 

�1�0�2



�T�a�b�l�e� �4�.�1�1�.� �L�i�q�u�i�d� �P�h�a�s�e� �'�?�C� �D�N�P� �E�n�h�a�n�c�e�m�e�n�t� �a�n�d� �R�e�l�a�x�a�t�i�o�n� �D�a�t�a� �f�o�r� 
�T�o�l�u�e�n�e�/�C�y�c�l�o�h�e�x�a�n�e� �(�4�0�/�6�0�,� �v�/�v�%�)�/�0�.�1� �M� �T�E�M�P�O� 

� � 

� � 

� � 

� � 

� � 

� � 

� � � � � � � � � � � � � � � � � � 

�C�a�r�b�o�n� �|� �P�e�a�k �� �T�i�o�°� �T�i� �°� �f� �A�a� �P�h�e� 
�S�i�t�e� �P�o�s�i�t�i�o�n� �|� �(�S�e�c�.� �)� �(� �S�e�c�.� �)� 

�(�p�p�m� �)� 
�1� �1�3�7�.�2�5� �4�1�.�4� �3�.�3�9� �0�.�9�1�8� �-�4�2�3�+�6�3� 

�2� �1�2�8�.�8�8� �1�7�.�2� �2�.�5�4� �0�.�8�5�2� �-�1�8�5�+�2�8� 

�3� �1�2�8�.�1�0� �2�5�.�0� �1�.�5�4� �0�.�9�3�8� �-�1�9�6�+�2�9� 
�4� �1�2�5�.�2�8� �1�1�.�7� �3�.�0�4� �0�.�7�4�0� �-�1�9�2�+�2�9� 

�-�C�H�;� �2�1�.�0�6� �1�7�.�0� �1�.�2�3� �0�.�9�2�8� �-�2�0�9�+�3�1� 
�C�e�6�H�1�2� �2�6�.�9�0� �3�3�.�3� �3�.�4�8� �0�.�8�9�5� �-�2�7�0�+�4�0� 

�C�H�3� 
�O�F� 

�3� 
�4� 

�N�o�t�e�:� 

�(�a�)� �R�a�t�i�o� �m�e�t�h�o�d� �w�a�s� �u�s�e�d� �t�o� �c�a�l�c�u�l�a�t�e� �t�h�e� �D�N�P� �u�l�t�i�m�a�t�e� �e�n�h�a�n�c�e�m�e�n�t�s� 

�(�b�)� �'�H� �b�r�o�a�d�-�b�a�n�d� �d�e�c�o�u�p�l�i�n�g� �w�a�s� �e�m�p�l�o�y�e�d� �t�o� �e�l�i�m�i�n�a�t�e� �p�r�o�t�o�n�-�c�a�r�b�o�n� �c�o�u�p�l�i�n�g�.� 

�(�c�)� �T�,� �a�n�d� �T�j�o� �a�r�e� �t�h�e� �s�p�i�n�-�l�a�t�t�i�c�e� �r�e�l�a�x�a�t�i�o�n� �t�i�m�e�s� �o�f� �t�h�e� �c�a�r�b�o�n� �n�u�c�l�e�i� �w�i�t�h� �a�n�d� �w�i�t�h�o�u�t� 
�T�E�M�P�O� �i�n� �t�h�e� �s�a�m�p�l�e� �s�o�l�u�t�i�o�n�,� �r�e�s�p�e�c�t�i�v�e�l�y�.� 

�(�d�)� �T�h�e� �l�e�a�k�a�g�e� �f�a�c�t�o�r� �f� �w�a�s� �c�a�l�c�u�l�a�t�e�d� �b�a�s�e�d� �o�n� �T�;� �m�e�a�s�u�r�e�m�e�n�t�s� �a�t� �4�.�7� �T� �m�a�g�n�e�t�i�c� �f�i�e�l�d�.� 

�(�e�)� �T�h�e� �0�.�3�3� �T� �'�3�C� �D�N�P� �e�n�h�a�n�c�e�m�e�n�t�s� �w�e�r�e� �m�o�n�i�t�o�r�e�d� �a�t� �4�.�7� �T�.� �A�l�l� �d�a�t�a� �w�a�s� �o�b�t�a�i�n�e�d� �a�t� 
�r�o�o�m� �t�e�m�p�e�r�a�t�u�r�e�.� 

�(�f�)� �C�y�c�l�o�h�e�x�a�n�e� �w�a�s� �u�s�e�d� �a�s� �t�h�e� �r�e�f�e�r�e�n�c�e� �c�o�m�p�o�u�n�d� �w�i�t�h� �A�r�e�s� �=�  ��2�7�0�+� �4�0�.� 

�(�g�)� �T�h�e� �u�l�t�i�m�a�t�e� �'�3�C� �D�N�P� �e�n�h�a�n�c�e�m�e�n�t� �A�.�.� �i�s� �a�n� �a�v�e�r�a�g�e� �v�a�l�u�e� �o�f� �f�o�u�r� �m�e�a�s�u�r�e�m�e�n�t�s� �a�t� 
�d�i�f�f�e�r�e�n�t� �p�o�w�e�r� �l�e�v�e�l�s�.� �T�h�e� �e�s�t�i�m�a�t�e�d� �r�e�l�a�t�i�v�e� �s�t�a�n�d�a�r�d� �d�e�v�i�a�t�i�o�n� �f�o�r� �A�.� �i�s� �a�b�o�u�t� �1�5�%�.� 
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�C�-�1� �s�h�o�w� �d�i�p�o�l�a�r� �d�o�m�i�n�a�n�c�e�.� �T�h�e� �a�r�o�m�a�t�i�c� �c�a�r�b�o�n�s� �a�t� �C�-�2�,� �C�-�3�,� �a�n�d� �C�-�4�;� �h�o�w�e�v�e�r�,� �a�l�s�o� 

�s�h�o�w� �a� �s�t�r�o�n�g� �d�i�p�o�l�a�r� �e�n�h�a�n�c�e�m�e�n�t�s� �w�h�i�c�h� �i�s� �c�o�n�t�r�a�r�y� �t�o� �t�h�a�t� �o�f� �t�h�e� �n�i�t�r�o�b�e�n�z�e�n�e�.� 

�A�l�t�h�o�u�g�h� �t�h�e� �s�p�i�n� �p�o�l�a�r�i�z�a�t�i�o�n� �m�o�d�e�l� �c�a�n� �b�e� �u�s�e�d� �t�o� �e�x�p�l�a�i�n� �t�h�e�  ��°�C� �D�N�P� 

�e�n�h�a�n�c�e�m�e�n�t�s� �o�f� �t�h�e� �r�i�n�g� �c�a�r�b�o�n�s� �o�f� �t�o�l�u�e�n�e�,� �a� �m�o�d�e�l� �t�h�a�t� �c�a�n� �b�e� �u�s�e�d� �f�o�r� �o�t�h�e�r� �b�e�n�z�e�n�e� 

�d�e�r�i�v�a�t�i�v�e�s� �w�i�l�l� �b�e� �a�p�p�l�i�e�d� �t�o� �t�o�l�u�e�n�e�.� 

�I�n� �1�9�6�8�,� �P�o�t�e�n�z�a� �e�t� �a�l�.� �i�n�v�e�s�t�i�g�a�t�e�d� �s�e�v�e�r�a�l� �f�l�u�o�r�i�n�e� �s�u�b�s�t�i�t�u�t�e�d� �b�e�n�z�e�n�e�s� �b�y� �t�h�e� 

�s�o�l�u�t�i�o�n� �'�°�F� �D�N�P� �t�e�c�h�n�i�q�u�e�.�°� �I�n� �t�h�e�i�r� �e�f�f�o�r�t� �o�f� �i�n�t�e�r�p�r�e�t�i�n�g� �t�h�e� �l�a�r�g�e� �s�c�a�l�a�r�  ��°�F� 

�e�n�h�a�n�c�e�m�e�n�t� �f�o�r� �t�h�e� �f�l�u�o�r�o�b�e�n�z�e�n�e�,� �t�h�e�y� �p�r�o�p�o�s�e�d� �t�h�r�e�e� �t�y�p�e�s� �o�f� �i�n�t�e�r�m�o�l�e�c�u�l�a�r� 

�c�o�l�l�i�s�i�o�n�s� �b�e�t�w�e�e�n� �f�l�u�o�r�o�b�e�n�z�e�n�e� �a�n�d� �p�l�a�n�n�e�r� �f�r�e�e� �r�a�d�i�c�a�l�s�.� �t�h�e�s�e� �t�h�r�e�e� �c�o�l�l�i�s�i�o�n�s� �a�r�e�:� �x� 

�c�o�l�l�i�s�i�o�n�s�,� �w�h�e�r�e� �t�h�e� �s�o�l�v�e�n�t� �a�n�d� �r�a�d�i�c�a�l� �m�o�l�e�c�u�l�e�s� �a�r�e� �c�o�p�l�a�n�a�r�;� �o� �c�o�l�l�i�s�i�o�n�s�,� �w�h�e�r�e� �t�h�e� 

�c�o�n�t�a�c�t� �a�x�i�s� �p�a�s�s�e�s� �t�h�r�o�u�g�h� �n�u�c�l�e�i� �a�t� �t�h�e� �e�d�g�e� �o�f� �s�o�l�v�e�n�t� �a�n�d� �r�a�d�i�c�a�l� �m�o�l�e�c�u�l�e�s� �a�n�d� �i�s� 

�p�e�r�p�e�n�d�i�c�u�l�a�r� �t�o� �t�h�e� �r�a�d�i�c�a�l� �p�l�a�n�e�;� �a�n�d�,� �f�o�r� �a�r�o�m�a�t�i�c� �m�o�l�e�c�u�l�e�s�,� �p�l�a�n�e�-�p�l�a�n�e� �c�o�l�l�i�s�i�o�n�s�,� 

�w�h�e�r�e� �t�h�e� �m�o�l�e�c�u�l�a�r� �p�l�a�n�e�s� �a�r�e� �e�c�l�i�p�s�e�d�.� �T�h�e� �t�h�r�e�e� �c�o�l�l�i�s�i�o�n�s� �a�r�e� �i�l�l�u�s�t�r�a�t�e�d� �s�c�h�e�m�a�t�i�c�a�l�l�y� 

�i�n� �F�i�g�u�r�e� �4�.�1�2�.� �I�n� �t�h�e�i�r� �s�t�u�d�y�,� �t�h�e�y� �f�o�u�n�d� �t�h�a�t� �p�l�a�n�e�-�p�l�a�n�e� �c�o�l�l�i�s�i�o�n�s� �b�e�t�w�e�e�n� �a�r�o�m�a�t�i�c�s� 

�w�e�r�e� �t�h�e� �m�o�s�t� �e�f�f�e�c�t�i�v�e� �a�t�t�i�t�u�d�e� �i�n� �p�r�o�d�u�c�i�n�g� �s�p�i�n� �d�e�n�s�i�t�y� �a�t� �s�o�l�v�e�n�t� �n�u�c�l�e�i�.� �T�h�e� �s�i�m�i�l�a�r� 

�s�t�u�d�i�e�s� �o�f� �f�l�u�o�r�i�n�a�t�e�d� �b�e�n�z�e�n�e�s� �w�e�r�e� �a�l�s�o� �p�e�r�f�o�r�m�e�d� �b�y� �M�u�l�l�e�r�-�W�a�r�m�u�t�h� �e�f� �a�i�.� �l�a�t�e�r� 

�o�n�.�®�°�8�!� �T�h�e�y� �s�h�o�w�e�d� �t�h�a�t� �t�h�e� �s�c�a�l�a�r� �m�e�c�h�a�n�i�s�m� �f�o�r� �t�h�e� �s�u�b�s�t�i�t�u�t�e�d� �f�l�u�o�r�o�b�e�n�z�e�n�e�s� �t�e�n�d�s� 

�t�o� �o�c�c�u�r� �t�h�r�o�u�g�h� �e�l�e�c�t�r�o�n� �d�e�l�o�c�a�l�i�z�a�t�i�o�n� �i�n�t�o� �t�h�e� �l�o�w�e�s�t� �u�n�o�c�c�u�p�i�e�d� �z� �o�r�b�i�t�a�l� �a�n�d� �t�h�e�n� �1�/�o� 

�p�o�l�a�r�i�z�a�t�i�o�n� �t�o� �t�h�e� �r�i�n�g� �f�l�u�o�r�i�n�e�s�.� 

�U�p� �t�o� �t�h�e� �d�a�t�e� �o�f� �t�h�i�s� �w�o�r�k�,� �n�o� �r�e�p�o�r�t� �h�a�s� �b�e�e�n� �f�o�u�n�d� �u�s�i�n�g� �t�h�e� �s�p�i�n� �d�e�l�o�c�a�l�i�z�a�t�i�o�n� 

�m�o�d�e�l� �t�o� �i�n�t�e�r�p�r�e�t�  ��°�C� �D�N�P� �r�e�s�u�l�t�s�.� 
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�(�a�)� !"� �C�o�n�t�a�c�t� 

�/�\� �\�y� �t� �J� 

�a� �>� �.� 
�Q�h� �n�N� �F� 

�{� �7� �(�)� 
�i� �\� �-� �6� �\� 

�i�\�  ��  ��~�<�_� �\� 
�\�/� �\� �/� 

�(�b�)� �o� �C�o�n�t�a�c�t� �(�c�)� �P�l�a�n�e�-�P�l�a�n�e� �C�o�n�t�a�c�t� 

�F�i�g�u�r�e� �4�.�1�2�.� �G�e�n�e�r�a�l�i�z�e�d� �C�o�l�l�i�s�i�o�n� �A�t�t�i�t�u�d�e�s� �f�o�r� �F�l�u�o�r�o�b�e�n�z�e�n�e� �a�n�d� �B�e�n�z�o�q�u�i�n�o�n�e� �(�C�i�t�e�d� 
�f�r�o�m� �R�e�f�.� �6�)� 
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�F�o�r� �t�h�e� �p�u�r�p�o�s�e� �o�f� �i�n�t�e�r�p�r�e�t�i�n�g� �t�h�e� �'�°�C� �s�c�a�l�a�r� �c�o�m�p�o�n�e�n�t�s� �f�o�r� �t�h�e� �r�i�n�g� �c�a�r�b�o�n�s� �o�f� 

�t�h�e� �a�r�o�m�a�t�i�c� �m�o�l�e�c�u�l�e�s� �s�t�u�d�i�e�d� �i�n� �t�h�i�s� �w�o�r�k�,� �a� �s�p�i�n� �d�e�l�o�c�a�l�i�z�a�t�i�o�n� �m�o�d�e�l� �i�s� �u�s�e�d�.� �T�h�e� 

�r�e�a�s�o�n� �f�o�r� �u�s�i�n�g� �s�u�c�h� �a� �m�o�d�e�l� �i�s� �b�e�c�a�u�s�e� �t�h�e�  ��°�C� �D�N�P� �r�e�s�u�l�t�s� �f�o�r� �t�h�e� �a�r�o�m�a�t�i�c� �m�o�l�e�c�u�l�e�s� 

�s�t�u�d�i�e�d� �i�n� �t�h�i�s� �w�o�r�k� �c�a�n� �b�e� �e�x�p�l�a�i�n�e�d� �b�y� �t�h�i�s� �m�o�d�e�l�.� �A� �s�c�h�e�m�a�t�i�c� �i�l�l�u�s�t�r�a�t�i�o�n� �o�f� �t�h�i�s� 

�m�o�d�e�l� �i�s� �s�h�o�w�n� �i�n� �F�i�g�u�r�e� �4�.�1�3�.� �I�n� �t�h�i�s� �m�o�d�e�l�,� �o� �c�o�l�l�i�s�i�o�n�s� �a�r�e� �a�s�s�u�m�e�d� �t�o� �b�e� �t�h�e� �m�o�s�t� 

�e�f�f�i�c�i�e�n�t� �w�a�y� �f�o�r� �t�h�e� �s�p�i�n� �d�e�l�o�c�a�l�i�z�a�t�i�o�n� �b�y� �c�o�n�s�i�d�e�r�i�n�g� �t�h�e� �l�a�r�g�e�s�t� �m�o�l�e�c�u�l�a�r� �o�r�b�i�t�a�l� 

�(�L�U�M�O�)� �o�v�e�r�l�a�p�p�i�n�g� �a�n�d� �t�h�e� �s�t�e�r�i�c� �h�i�n�d�r�a�n�c�e� �o�f� �t�h�e� �m�e�t�h�y�l� �g�r�o�u�p�s� �o�f� �T�E�M�P�O�.� 

�A�c�c�o�r�d�i�n�g� �t�o� �t�h�i�s� �m�o�d�e�l�,� �t�h�e� �p�o�s�i�t�i�v�e� �e�l�e�c�t�r�o�n� �s�p�i�n� �d�e�n�s�i�t�y� �f�r�o�m� �T�E�M�P�O� �i�s� �t�r�a�n�s�m�i�t�t�e�d� 

�i�n�t�o� �t�h�e� �a�n�t�i�b�o�n�d�i�n�g� �o�r�b�i�t�a�l� �m�*� �(�i�.�e�.�,� �L�U�M�O�)� �o�f� �t�h�e� �a�r�o�m�a�t�i�c� �m�o�l�e�c�u�l�e�.� �T�h�e� �t�r�a�n�s�m�i�t�t�e�d� 

�e�l�e�c�t�r�o�n� �s�p�i�n� �d�e�n�s�i�t�y� �c�o�r�r�e�l�a�t�e�s� �w�i�t�h� �t�h�e� �o� �o�r�b�i�t�a�l�s� �a�r�o�u�n�d� �t�h�e� �c�a�r�b�o�n� �n�u�c�l�e�u�s� �a�n�d� �i�n�d�u�c�e�s� 

�a�n� �e�x�c�e�s�s� �p�o�s�i�t�i�v�e� �e�l�e�c�t�r�o�n� �s�p�i�n� �d�e�n�s�i�t�y� �n�e�a�r� �t�h�e� �c�a�r�b�o�n� �n�u�c�l�e�u�s� �a�n�d� �e�x�c�e�s�s� �n�e�g�a�t�i�v�e� �s�p�i�n� 

�d�e�n�s�i�t�i�e�s� �a�t� �t�h�e� �a�d�j�a�c�e�n�t� �c�a�r�b�o�n� �n�u�c�l�e�i� �a�n�d� �t�h�e� �h�y�d�r�o�g�e�n� �n�u�c�l�e�u�s�.�®� �S�i�m�i�l�a�r� �t�o� �t�h�e� 

�i�n�t�e�r�m�o�l�e�c�u�l�a�r� �s�p�i�n� �p�o�l�a�r�i�z�a�t�i�o�n�,� �t�h�e� �i�n�t�e�n�s�i�t�y� �o�f� �t�h�e� �i�n�t�r�a�m�o�l�e�c�u�l�a�r� �p�o�l�a�r�i�z�a�t�i�o�n� �a�l�s�o� 

�d�e�c�r�e�a�s�e�s� �a�l�o�n�g� �t�h�e� �c�o�v�a�l�e�n�t� �b�o�n�d�s�.�°�®� �T�h�e�r�e�f�o�r�e�,� �t�h�e� �c�a�r�b�o�n� �s�i�t�e� �w�h�e�r�e� �t�h�e� �c�o�l�l�i�s�i�o�n� 

�h�a�p�p�e�n�s� �h�a�s� �t�h�e� �l�a�r�g�e�s�t� �i�n�d�u�c�e�d� �e�l�e�c�t�r�o�n� �s�p�i�n� �d�e�n�s�i�t�y�.� �C�o�m�p�a�r�e�d� �w�i�t�h� �t�h�e� �i�n�t�e�r�m�o�l�e�c�u�l�a�r� 

�s�p�i�n� �p�o�l�a�r�i�z�a�t�i�o�n� �m�e�c�h�a�n�i�s�m�,� �s�p�i�n� �d�e�l�o�c�a�l�i�z�a�t�i�o�n� �m�e�c�h�a�n�i�s�m� �c�a�n� �t�r�a�n�s�m�i�t� �t�h�e� �e�l�e�c�t�r�o�n� 

�s�p�i�n� �d�e�n�s�i�t�y� �m�o�r�e� �e�f�f�i�c�i�e�n�t�l�y� �d�u�e� �t�o� �t�h�e� �d�i�r�e�c�t� �o�v�e�r�l�a�p�p�i�n�g� �o�f� �t�h�e� �m�o�l�e�c�u�l�a�r� �o�r�b�i�t�a�l�s� 

�b�e�t�w�e�e�n� �t�h�e� �r�i�n�g� �c�a�r�b�o�n�s� �a�n�d� �t�h�e� �f�r�e�e� �r�a�d�i�c�a�l�.� 

�1�0�6



�N�O�?� 
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�N�i�t�r�o�b�e�n�z�e�n�e� 

� � � 
�(�b�)� �S�p�i�n� �D�e�l�o�c�a�l�i�z�a�t�i�o�n� �(�c�)� �E�l�e�c�t�r�o�n�-�E�l�e�c�t�r�o�n� �C�o�r�r�e�l�a�t�i�o�n� 

�F�i�g�u�r�e� �4�.�1�3�.� �T�h�e� �E�l�e�c�t�r�o�n� �S�p�i�n� �D�e�l�o�c�a�l�i�z�a�t�i�o�n� �M�e�c�h�a�n�i�s�m�:� �(�a�)� �o� �C�o�n�t�a�c�t�;� �(�b�)� �S�p�i�n� 
�D�e�l�o�c�a�l�i�z�a�t�i�o�n�;� �(�c�)� �E�l�e�c�t�r�o�n�-�E�l�e�c�t�r�o�n� �C�o�r�r�e�l�a�t�i�o�n�.� 
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�W�i�t�h� �t�h�e� �h�e�l�p� �o�f� �t�h�e� �s�p�i�n� �d�e�l�o�c�a�l�i�z�a�t�i�o�n� �m�o�d�e�l�,� �t�h�e� �'�?�C� �D�N�P� �e�n�h�a�n�c�e�m�e�n�t�s� �f�o�r� �t�h�e� 

�a�r�o�m�a�t�i�c� �c�a�r�b�o�n�s� �o�f� �n�i�t�r�o�b�e�n�z�e�n�e� �c�a�n� �b�e� �u�n�d�e�r�s�t�o�o�d�.� �S�p�e�c�i�f�i�c�a�l�l�y�,� �t�h�e� �c�o�l�l�i�s�i�o�n� �b�e�t�w�e�e�n� 

�t�h�e� �o�r�t�h�o� �c�a�r�b�o�n� �(�C�-�2�)� �a�n�d� �T�E�M�P�O� �r�e�s�u�l�t�s� �i�n� �a�n� �e�x�c�e�s�s� �p�o�s�i�t�i�v�e� �e�l�e�c�t�r�o�n� �s�p�i�n� �d�e�n�s�i�t�y� �a�t� 

�t�h�e� �o�t�h�e�r� �c�a�r�b�o�n� �n�u�c�l�e�u�s�.� �T�h�e� �e�x�c�e�s�s� �e�l�e�c�t�r�o�n� �s�p�i�n� �c�o�u�p�l�e�s� �w�i�t�h� �t�h�e� �c�a�r�b�o�n� �n�u�c�l�e�u�s� �a�n�d� 

�i�n�d�u�c�e�s� �a� �s�c�a�l�a�r� �c�o�m�p�o�n�e�n�t�.� �T�h�e� �n�e�g�a�t�i�v�e� �s�p�i�n� �d�e�n�s�i�t�y� �i�n�d�u�c�e�d� �a�t� �t�h�e� �m�e�t�a� �c�a�r�b�o�n� �(�C�-�3�)� 

�i�s� �s�m�a�l�l�e�r� �t�h�a�n� �t�h�e� �p�o�s�i�t�i�v�e� �s�p�i�n� �d�e�n�s�i�t�y� �a�r�i�s�i�n�g� �f�r�o�m� �t�h�e� �d�i�r�e�c�t� �c�o�l�l�i�s�i�o�n� �w�i�t�h� �T�E�M�P�O�.� 

�T�h�e�r�e�f�o�r�e�,� �a� �n�e�t� �p�o�s�i�t�i�v�e� �s�p�i�n� �d�e�n�s�i�t�y� �i�s� �p�r�o�d�u�c�e�d� �a�t� �t�h�e� �m�e�t�a� �c�a�r�b�o�n� �n�u�c�l�e�u�s� �a�n�d� �a� �s�c�a�l�a�r� 

�c�o�m�p�o�n�e�n�t� �i�s� �i�n�d�u�c�e�d�.� �T�h�e� �s�a�m�e� �a�n�a�l�y�s�i�s� �c�a�n� �b�e� �a�p�p�l�i�e�d� �t�o� �t�h�e� �p�a�r�a� �c�a�r�b�o�n�.� �S�i�n�c�e� �t�h�e� 

�n�i�t�r�o� �g�r�o�u�p� �i�s� �a� �s�t�r�o�n�g� �e�l�e�c�t�r�o�n� �a�t�t�r�a�c�t�i�n�g� �f�u�n�c�t�i�o�n�a�l� �g�r�o�u�p�,� �t�h�e� �b�e�n�z�e�n�e� �r�i�n�g� �o�f� 

�n�i�t�r�o�b�e�n�z�e�n�e� �i�s� �a�n� �e�l�e�c�t�r�o�n� �p�o�o�r� �r�i�n�g�,� �o�r� �a� �g�o�o�d� �e�l�e�c�t�r�o�n� �a�c�c�e�p�t�o�r�.� �T�h�e�r�e�f�o�r�e�,� �a� �l�a�r�g�e� 

�a�m�o�u�n�t� �o�f� �e�l�e�c�t�r�o�n� �s�p�i�n� �d�e�n�s�i�t�y� �c�a�n� �b�e� �e�x�p�e�c�t�e�d� �t�o� �t�r�a�n�s�m�i�t� �t�o� �t�h�e� �r�i�n�g� �c�a�r�b�o�n�s� �a�n�d� �c�a�u�s�e�s� 

�l�a�r�g�e� �s�c�a�l�a�r� �d�o�m�i�n�a�t�e�d� �D�N�P� �e�n�h�a�n�c�e�m�e�n�t�s� �e�x�c�e�p�t� �f�o�r� �t�h�e� �j�u�n�c�t�i�o�n� �c�a�r�b�o�n� �(�C�-�1�)� �w�h�i�c�h� 

�w�i�l�l� �b�e� �d�i�s�c�u�s�s�e�d� �l�a�t�e�r� �o�n�.� �S�i�n�c�e� �t�h�e� �p�o�s�i�t�i�v�e� �s�p�i�n� �d�e�n�s�i�t�y� �a�t� �t�h�e� �c�a�r�b�o�n� �n�u�c�l�e�u�s� �c�a�u�s�e�s� �a� 

�d�o�w�n�f�i�e�l�d�  ��°�C� �N�M�R� �c�o�n�t�a�c�t� �s�h�i�f�t�,� �t�h�e�  ��°�C� �N�M�R� �c�o�n�t�a�c�t� �s�h�i�f�t� �r�e�s�u�l�t� �o�b�s�e�r�v�e�d� �b�y� 

�M�o�r�i�s�h�i�m�a� �e�t� �a�l�.�©� �c�a�n� �a�l�s�o� �b�e� �e�x�p�l�a�i�n�e�d� �w�i�t�h� �t�h�e� �s�p�i�n� �d�e�l�o�c�a�l�i�z�a�t�i�o�n� �m�o�d�e�l�.� �I�t� �s�h�o�u�l�d� �b�e� 

�m�e�n�t�i�o�n�e�d� �i�n� �h�e�r�e� �t�h�a�t� �M�o�r�i�s�h�i�m�a� �e�t� �a�l�.� �u�s�e�d� �t�h�e� �h�y�d�r�o�g�e�n� �b�o�n�d�i�n�g� �i�n�t�e�r�m�o�l�e�c�u�l�a�r� �s�p�i�n� 

�p�o�l�a�r�i�z�a�t�i�o�n� �m�e�c�h�a�n�i�s�m� �t�o� �i�n�t�e�r�p�r�e�t�e�d� �t�h�e� �'�°�C� �N�M�R� �c�o�n�t�a�c�t� �s�h�i�f�t� �r�e�s�u�l�t�s� �o�f� �a�r�o�m�a�t�i�c� 

�m�o�l�e�c�u�l�e�s�.�~ ��!� �T�h�e�i�r� �m�o�d�e�l� �i�s� �s�u�c�c�e�s�s�f�u�l� �i�n� �i�n�t�e�r�p�r�e�t�i�n�g� �t�h�e�i�r� �N�M�R� �c�o�n�t�a�c�t� �s�h�i�f�t� �r�e�s�u�l�t�s�,� 

�h�o�w�e�v�e�r�,� �t�h�e� �s�p�i�n� �p�o�l�a�r�i�z�a�t�i�o�n� �m�o�d�e�l� �f�a�i�l�s� �t�o� �e�x�p�l�a�i�n� �t�h�e� �'�3�C� �_�D�N�P� �r�e�s�u�l�t�s� �f�o�r� 

�n�i�t�r�o�b�e�n�z�e�n�e� �a�n�d� �t�h�e� �s�u�b�s�t�i�t�u�t�e�d� �c�h�l�o�r�o�b�e�n�z�e�n�e�s� �s�t�u�d�i�e�d� �i�n� �t�h�i�s� �w�o�r�k�.� 
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�F�r�o�m� �T�a�b�l�e� �4�.�9�,� �i�t� �c�a�n� �b�e� �s�e�e�n� �t�h�a�t� �t�h�e� �s�c�a�l�a�r� �e�n�h�a�n�c�e�m�e�n�t�s� �f�o�r� �t�h�e� �o�r�t�h�o�,� �m�e�t�a�,� 

�a�n�d� �p�a�r�a� �c�a�r�b�o�n�s� �o�f� �n�i�t�r�o�b�e�n�z�e�n�e� �c�h�a�n�g�e� �i�n� �t�h�e� �o�r�d�e�r� �o�f� �o�r�t�h�o�>�p�a�r�a�>�m�e�t�a�.� �T�h�i�s� �s�c�a�l�a�r� 

�e�n�h�a�n�c�e�m�e�n�t� �d�i�f�f�e�r�e�n�c�e� �m�a�y� �d�u�e� �t�o� �t�h�e� �d�i�f�f�e�r�e�n�t� �x�-�e�l�e�c�t�r�o�n� �s�p�i�n� �d�e�n�s�i�t�y� �d�i�s�t�r�i�b�u�t�i�o�n� �a�t� 

�t�h�e�s�e� �c�a�r�b�o�n� �s�i�t�e�s� �a�s� �c�a�n� �b�e� �s�e�e�n� �i�n� �F�i�g�u�r�e� �4�.�1�4�.� �S�i�n�c�e� �t�h�e� �z�-�e�l�e�c�t�r�o�n� �s�p�i�n� �d�e�n�s�i�t�y� �a�t� �t�h�e� 

�o�r�t�h�o� �a�n�d� �p�a�r�a� �c�a�r�b�o�n�s� �i�s� �l�o�w�e�r� �t�h�a�n� �t�h�a�t� �o�f� �t�h�e� �m�e�t�a� �c�a�r�b�o�n�,� �t�h�e� �o�r�t�h�o� �a�n�d� �p�a�r�a� �c�a�r�b�o�n�s� 

�a�r�e� �m�o�r�e� �a�c�c�e�p�t�a�b�l�e� �t�o� �t�h�e� �t�r�a�n�s�m�i�t�t�e�d� �e�l�e�c�t�r�o�n� �s�p�i�n� �d�e�n�s�i�t�y� �t�h�a�n� �t�h�e� �m�e�t�a� �c�a�r�b�o�n�.� 

�T�h�e�r�e�f�o�r�e�,� �a� �s�c�a�l�a�r� �e�n�h�a�n�c�e�m�e�n�t� �d�i�f�f�e�r�e�n�c�e� �i�s� �o�b�s�e�r�v�e�d�.� �A�l�t�h�o�u�g�h� �t�h�e� �z�-�e�l�e�c�t�r�o�n� �s�p�i�n� 

�d�e�n�s�i�t�y� �a�t� �t�h�e� �o�r�t�h�o� �a�n�d� �p�a�r�a� �c�a�r�b�o�n�s� �a�r�e� �a�l�m�o�s�t� �t�h�e� �s�a�m�e� �(�F�i�g�u�r�e� �4�.�1�4�)�,� �t�h�e� �s�c�a�l�a�r� 

�e�n�h�a�n�c�e�m�e�n�t� �o�f� �o�r�t�h�o� �c�a�r�b�o�n� �i�s� �l�a�r�g�e�r� �t�h�a�n� �t�h�a�t� �o�f� �t�h�e� �p�a�r�a� �c�a�r�b�o�n�.� �T�h�i�s� �m�a�y� �d�u�e� �t�o� �t�h�e� 

�l�a�r�g�e�r� �c�o�l�l�i�s�i�o�n� �p�r�o�b�a�b�i�l�i�t�y� �a�t� �t�h�e� �o�r�t�h�o� �c�a�r�b�o�n�s� �w�i�t�h� �t�h�e� �f�r�e�e� �r�a�d�i�c�a�l� �t�h�a�n� �t�h�a�t� �o�f� �t�h�e� �p�a�r�a� 

�c�a�r�b�o�n�.� 

�F�o�r� �t�h�e� �j�u�n�c�t�i�o�n� �c�a�r�b�o�n� �o�f� �n�i�t�r�o�b�e�n�z�e�n�e�,� �a� �l�a�r�g�e� �d�i�p�o�l�a�r� �d�o�m�i�n�a�t�e�d�  ��°�C� �D�N�P� 

�e�n�h�a�n�c�e�m�e�n�t� �i�s� �o�b�s�e�r�v�e�d�.� �T�h�i�s� �m�a�y� �d�u�e� �t�o� �t�h�e� �s�t�e�r�i�c� �h�i�n�d�r�a�n�c�e� �a�n�d� �t�h�e� �e�l�e�c�t�r�o�s�t�a�t�i�c� 

�r�e�p�u�l�s�i�o�n� �o�f� �t�h�e� �n�i�t�r�o� �g�r�o�u�p� �t�o� �t�h�e� �f�r�e�e� �r�a�d�i�c�a�l�.� �T�h�e� �c�l�o�s�e� �c�o�n�t�a�c�t� �b�e�t�w�e�e�n� �t�h�e� �j�u�n�c�t�i�o�n� 

�c�a�r�b�o�n� �a�n�d� �t�h�e� �f�r�e�e� �r�a�d�i�c�a�l�,� �w�h�i�c�h� �i�s� �e�s�s�e�n�t�i�a�l� �f�o�r� �s�p�i�n� �d�e�l�o�c�a�l�i�z�a�t�i�o�n�,� �c�a�n�n�o�t� �b�e� �f�o�r�m�e�d�.� 

�T�h�e� �u�p�f�i�e�l�d�  ��°�C� �N�M�R� �c�o�n�t�a�c�t� �s�h�i�f�t� �o�b�s�e�r�v�e�d� �b�y� �M�o�r�i�s�h�i�m�a� �e�f� �a�l�. �� �f�o�r� �t�h�e� �j�u�n�c�t�i�o�n� 

�c�a�r�b�o�n� �i�s� �a�t�t�r�i�b�u�t�e�d� �t�o� �t�h�e� �s�m�a�l�l� �n�e�g�a�t�i�v�e� �s�p�i�n� �d�e�n�s�i�t�y� �i�n�d�u�c�e�d� �b�y� �t�h�e� �p�o�s�i�t�i�v�e� �s�p�i�n� �d�e�n�s�i�t�y� 

�a�t� �t�h�e� �o�r�t�h�o� �c�a�r�b�o�n�s�.� �S�i�n�c�e� �o�n�l�y� �a� �s�m�a�l�l� �s�c�a�l�a�r� �c�o�m�p�o�n�e�n�t� �i�s� �p�r�e�s�e�n�t� �a�t� �t�h�e� �j�u�n�c�t�i�o�n� �c�a�r�b�o�n� 

�s�i�t�e�,� �a� �d�i�p�o�l�a�r� �d�o�m�i�n�a�t�e�d�  ��°�C� �D�N�P� �e�n�h�a�n�c�e�m�e�n�t� �i�s� �o�b�s�e�r�v�e�d� �a�t� �t�h�i�s� �c�a�r�b�o�n� �s�i�t�e� �o�f� 

�n�i�t�r�o�b�e�n�z�e�n�e�.� 
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�N�i�t�r�o�b�e�n�z�e�n�e� �(�C�i�t�e�d� �f�r�o�m� �R�e�f�.� �8�2�)� 
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�C�o�m�p�a�r�e�d� �w�i�t�h� �n�i�t�r�o�b�e�n�z�e�n�e�,� �b�o�t�h� �t�h�e� �d�i�p�o�l�a�r� �a�n�d� �t�h�e� �s�c�a�l�a�r� �d�o�m�i�n�a�t�e�d� �3�C� �D�N�P� 

�e�n�h�a�n�c�e�m�e�n�t�s� �f�o�r� �1�,� �2�-�d�i�c�h�l�o�r�o�b�e�n�z�e�n�e� �(�O�D�C�B�)� �s�h�o�w� �s�m�a�l�l�e�r� �v�a�l�u�e�s�.� �T�h�i�s� �m�a�y� �d�u�e� �t�o� 

�t�h�e� �h�i�g�h�e�r� �s�o�l�u�t�i�o�n� �v�i�s�c�o�s�i�t�y� �o�f� �t�h�e� �O�D�C�B�/�T�E�M�P�O� �s�y�s�t�e�m�,� �w�h�i�c�h� �h�a�s� �a� �h�i�g�h� �O�D�C�B� 

�c�o�n�c�e�n�t�r�a�t�i�o�n� �(�T�a�b�l�e� �4�.�1�0�)�,� �t�h�a�n� �t�h�a�t� �o�f� �t�h�e� �n�i�t�r�o�b�e�n�z�e�n�e�/�T�E�M�P�O� �s�y�s�t�e�m�,� �w�h�i�c�h� �h�a�s� �a� 

�m�u�c�h� �l�o�w�e�r� �n�i�t�r�o�b�e�n�z�e�n�e� �c�o�n�c�e�n�t�r�a�t�i�o�n� �(�T�a�b�l�e� �4�.�9�)�.� �T�h�e� �h�i�g�h�e�r� �v�i�s�c�o�s�i�t�y� �o�f� �t�h�e� 

�O�D�C�B�/�T�E�M�P�O� �s�y�s�t�e�m� �r�e�s�u�l�t�s� �i�n� �a� �l�o�n�g�e�r� �c�o�r�r�e�l�a�t�i�o�n� �t�i�m�e� �f�o�r� �1�,� �2�-�d�i�c�h�l�o�r�o�b�e�n�z�e�n�e�.� 

�T�h�e�r�e�f�o�r�e�,� �t�h�e� �r�e�d�u�c�t�i�o�n� �o�f� �t�h�e� �s�p�e�c�t�r�a�l� �d�e�n�s�i�t�y� �f�u�n�c�t�i�o�n�s�,� �a�n�d� �t�h�u�s� �t�h�e� �D�N�P� 

�e�n�h�a�n�c�e�m�e�n�t�s�,� �c�a�n� �b�e� �o�b�s�e�r�v�e�d�.� �A�n�o�t�h�e�r� �p�o�s�s�i�b�l�e� �r�e�a�s�o�n� �f�o�r� �t�h�e� �s�m�a�l�l�e�r� �B�C� �D�N�P� 

�e�n�h�a�n�c�e�m�e�n�t�s� �f�o�r� �t�h�e� �r�i�n�g� �c�a�r�b�o�n�s� �o�f� �O�D�C�B� �c�o�m�p�a�r�e�d� �w�i�t�h� �t�h�o�s�e� �o�f� �n�i�t�r�o�b�e�n�z�e�n�e� �i�s� �t�h�a�t� 

�t�h�e� �c�h�l�o�r�i�n�e� �i�s� �a� �w�e�a�k� �e�l�e�c�t�r�o�n� �a�t�t�r�a�c�t�i�n�g� �g�r�o�u�p� �w�h�i�c�h� �m�a�k�e�s� �t�h�e� �b�e�n�z�e�n�e� �r�i�n�g� �a� �w�e�a�k� 

�e�l�e�c�t�r�o�n� �a�c�c�e�p�t�o�r�.� �T�h�e�r�e�f�o�r�e�,� �l�e�s�s� �e�l�e�c�t�r�o�n� �s�p�i�n� �d�e�n�s�i�t�y� �i�s� �t�r�a�n�s�m�i�t�t�e�d� �t�o� �t�h�e� �c�a�r�b�o�n� �s�i�t�e�s� �o�f� 

�C�-�3� �t�o� �C�-�6�,� �a�n�d� �t�h�e� �s�m�a�l�l�e�r� �s�c�a�l�a�r� �e�n�h�a�n�c�e�m�e�n�t�s� �a�r�e� �i�n�d�u�c�e�d� �a�t� �t�h�e�s�e� �c�a�r�b�o�n� �s�i�t�e�s�.� �T�h�e� 

�s�m�a�l�l� �d�i�p�o�l�a�r� �d�o�m�i�n�a�t�e�d� �'�3�C� �D�N�P� �e�n�h�a�n�c�e�m�e�n�t� �f�o�r� �t�h�e� �j�u�n�c�t�i�o�n� �c�a�r�b�o�n�s� �(�C�-�1� �a�n�d� �C�-�2�)� 

�m�a�y� �d�u�e� �t�o� �t�h�e� �e�l�e�c�t�r�o�n� �s�p�i�n� �d�e�l�o�c�a�l�i�z�a�t�i�o�n� �f�r�o�m� �t�h�e� �f�r�e�e� �r�a�d�i�c�a�l� �i�n�t�o� �t�h�e� �L�U�M�O� �o�f� �t�h�e� 

�c�h�l�o�r�i�n�e� �a�t�o�m�s�.� �T�h�e� �t�r�a�n�s�m�i�t�t�e�d� �s�p�i�n� �d�e�n�s�i�t�y� �f�u�r�t�h�e�r� �d�e�l�o�c�a�l�i�z�e�s� �i�n�t�o� �t�h�e� �s� �o�r�b�i�t�a�l�,� �w�h�i�c�h� 

�i�s� �s�y�m�m�e�t�r�y� �c�o�m�p�a�t�i�b�l�e� �w�i�t�h� �t�h�e� �L�U�M�O� �o�f� �t�h�e� �c�h�l�o�r�i�n�e� �a�t�o�m�,� �o�f� �t�h�e� �s�u�b�s�t�i�t�u�t�e�d� �r�i�n�g� 

�c�a�r�b�o�n�s� �a�n�d� �p�r�o�d�u�c�e�s� �a� �s�i�z�a�b�l�e� �s�c�a�l�a�r� �c�o�m�p�o�n�e�n�t� �t�h�e�r�e�.� �T�h�e� �d�i�p�o�l�a�r� �d�o�m�i�n�a�n�c�e� �a�t� �C�-�1� 

�a�n�d� �C�-�2� �i�s� �a�t�t�r�i�b�u�t�e�d� �t�o� �t�h�e� �s�t�e�r�i�c� �h�i�n�d�r�a�n�c�e� �o�f� �t�h�e� �c�h�l�o�r�i�n�e� �a�t�o�m�s� �t�o� �t�h�e� �f�r�e�e� �r�a�d�i�c�a�l� �s�o� 

�t�h�a�t� �t�h�e� �d�i�r�e�c�t� �s�p�i�n� �d�e�l�o�c�a�l�i�z�a�t�i�o�n� �f�r�o�m� �t�h�e� �f�r�e�e� �r�a�d�i�c�a�l� �t�o� �t�h�e� �j�u�n�c�t�i�o�n� �c�a�r�b�o�n�s� �c�a�n�n�o�t� 

�h�a�p�p�e�n�.� 
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�C�o�m�p�a�r�e�d� �w�i�t�h� �t�h�e� �'�°�C� �D�N�P� �e�n�h�a�n�c�e�m�e�n�t�s� �a�t� �C�-�4� �a�n�d� �C�-�5� �c�a�r�b�o�n� �p�o�s�i�t�i�o�n�s� 

�(�T�a�b�l�e� �4�.�1�0�)�,� �t�h�e� �l�a�r�g�e�r� �s�c�a�l�a�r� �e�n�h�a�n�c�e�m�e�n�t�s� �f�o�r� �t�h�e� �r�i�n�g� �c�a�r�b�o�n�s� �a�d�j�a�c�e�n�t� �t�o� �t�h�e� �j�u�n�c�t�i�o�n� 

�c�a�r�b�o�n�s� �o�f� �O�D�C�B� �a�r�e� �a�t�t�r�i�b�u�t�e�d� �t�o� �t�h�e� �l�a�r�g�e�r� �e�l�e�c�t�r�o�n� �a�t�t�r�a�c�t�i�n�g� �e�f�f�e�c�t� �o�f� �t�h�e� �s�u�b�s�t�i�t�u�t�e�d� 

�c�h�l�o�r�i�n�e�s� �a�t� �t�h�e�s�e� �c�a�r�b�o�n� �s�i�t�e�s�.� �D�u�e� �t�o� �t�h�e� �i�n�d�u�c�t�i�v�e� �e�f�f�e�c�t� �o�f� �t�h�e� �s�u�b�s�t�i�t�u�t�e�d� �c�h�l�o�r�i�n�e�s�,� �a� 

�l�a�r�g�e�r� �a�m�o�u�n�t� �o�f� �e�l�e�c�t�r�o�n� �s�p�i�n� �d�e�n�s�i�t�y� �i�s� �e�x�p�e�c�t�e�d� �t�o� �t�r�a�n�s�m�i�t� �t�o� �t�h�e� �c�a�r�b�o�n�s� �a�t� �C�-�3� �a�n�d� �C�-� 

�6� �d�u�r�i�n�g� �a� �c�o�l�l�i�s�i�o�n� �t�h�a�n� �t�o� �t�h�e� �c�a�r�b�o�n�s� �a�t� �C�-�4� �a�n�d� �C�-�5� �t�h�r�o�u�g�h� �t�h�e� �s�p�i�n� �d�e�l�o�c�a�l�i�z�a�t�i�o�n� 

�p�r�o�c�e�s�s�.� 

�F�r�o�m� �T�a�b�l�e� �4�.�1�2� �a�n�d� �F�i�g�u�r�e� �4�.�1�5� �i�t� �c�a�n� �b�e� �s�e�e�n� �t�h�a�t� �t�h�e� �s�c�a�l�a�r� �e�n�h�a�n�c�e�m�e�n�t� �a�t� �t�h�e� 

�c�a�r�b�o�n� �s�i�t�e� �a�d�j�a�c�e�n�t� �t�o� �t�h�e� �s�u�b�s�t�i�t�u�t�e�d� �c�a�r�b�o�n� �i�n�c�r�e�a�s�e�s� �w�i�t�h� �t�h�e� �n�u�m�b�e�r� �o�f� �t�h�e� �s�u�b�s�t�i�t�u�t�e�d� 

�c�h�l�o�r�i�n�e�.� �T�h�i�s� �i�s� �a�t�t�r�i�b�u�t�e�d� �t�o� �t�h�e� �e�l�e�c�t�r�o�n� �w�i�t�h�d�r�a�w�i�n�g� �e�f�f�e�c�t� �b�e�c�o�m�e�s� �s�t�r�o�n�g�e�r� �w�h�e�n� �t�h�e� 

�d�e�g�r�e�e� �o�f� �t�h�e� �c�h�l�o�r�i�n�a�t�i�o�n� �i�n�c�r�e�a�s�e�s� �s�o� �t�h�a�t� �t�h�e� �e�l�e�c�t�r�o�n� �s�p�i�n� �d�e�n�s�i�t�y� �c�a�n� �b�e� �m�o�r�e� �e�a�s�i�l�y� 

�t�r�a�n�s�m�i�t�t�e�d� �t�o� �t�h�e� �a�d�j�a�c�e�n�t� �c�a�r�b�o�n� �s�i�t�e�.� �F�o�r� �1�-�c�h�l�o�r�o�b�e�n�z�e�n�e�,� �t�h�e� �s�m�a�l�l� �d�i�p�o�l�a�r� �d�o�m�i�n�a�t�e�d� 

�'�3�C� �D�N�P� �e�n�h�a�n�c�e�m�e�n�t�s �� �f�o�r� �t�h�e� �c�a�r�b�o�n�s� �a�t� �C�-�3� �t�o� �C�-�5� �a�r�e� �a�t�t�r�i�b�u�t�e�d� �t�o� �t�h�e� �s�m�a�l�l�e�r� �s�c�a�l�a�r� 

�c�o�m�p�o�n�e�n�t�s� �i�n�d�u�c�e�d� �a�t� �t�h�e�s�e� �c�a�r�b�o�n� �p�o�s�i�t�i�o�n�s� �b�e�c�a�u�s�e� �o�f� �t�h�e� �w�e�a�k�e�r� �e�l�e�c�t�r�o�n� �a�t�t�r�a�c�t�i�n�g� 

�e�f�f�e�c�t� �o�f� �c�h�l�o�r�i�n�e� �a�t� �t�h�e�s�e� �c�a�r�b�o�n�s�.� �T�h�e� �d�i�p�o�l�a�r� �d�o�m�i�n�a�t�e�d� �'�*�C� �D�N�P� �e�n�h�a�n�c�e�m�e�n�t�s� �f�o�r� �t�h�e� 

�s�u�b�s�t�i�t�u�t�e�d� �c�a�r�b�o�n�s� �o�f� �t�h�e�s�e� �c�h�l�o�r�i�n�a�t�e�d� �b�e�n�z�e�n�e�s� �a�l�s�o� �s�h�o�w� �a�n� �i�n�c�r�e�a�s�i�n�g� �t�r�e�n�d� �f�r�o�m� �1�-� 

�c�h�l�o�r�o�b�e�n�z�e�n�e� �t�o� �1�,� �3�,� �5�-�t�r�i�c�h�l�o�r�o�b�e�n�z�e�n�e�.� �T�h�i�s� �m�a�y� �b�e� �t�h�e� �r�e�a�s�o�n� �t�h�a�t� �t�h�e� �d�i�p�o�l�a�r� 

�c�o�u�p�l�i�n�g� �p�r�o�b�a�b�i�l�i�t�y� �i�n�c�r�e�a�s�e�s� �a�t� �t�h�e� �j�u�n�c�t�i�o�n� �c�a�r�b�o�n� �s�i�t�e� �a�s� �t�h�e� �n�u�m�b�e�r� �o�f� �t�h�e� �s�u�b�s�t�i�t�u�t�i�o�n� 

�i�n�c�r�e�a�s�e�s�.� 

�F�o�r� �t�o�l�u�e�n�e�,� �t�h�e� �d�i�p�o�l�a�r� �d�o�m�i�n�a�t�e�d� �'�3�C� �D�N�P� �e�n�h�a�n�c�e�m�e�n�t�s� �f�o�r� �a�l�l� �o�f� �t�h�e� �r�i�n�g� 

�c�a�r�b�o�n�s� �a�r�e� �a�t�t�r�i�b�u�t�e�d� �t�o� �t�h�e� �w�e�a�k� �s�c�a�l�a�r� �i�n�t�e�r�a�c�t�i�o�n� �a�t� �t�h�e�s�e� �c�a�r�b�o�n� �s�i�t�e�s�.� �S�i�n�c�e� �t�h�e� 
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�w�i�t�h� �0�.�1� �M� �T�E�M�P�O� 

� � 

�C�h�l�o�r�o�-� 
�b�e�n�z�e�n�e�s �� 

�c�-�1�°� �C�-�2� �C�-�3� �C�-�4� �C�-�5� �C�-�6� 

� � 

�1�-�C�h�l�o�r�o�-� 

�b�e�n�z�e�n�e� 
�-�1�0�0�+�1�5�°� �1�4�0�+�2�1�7� �-�1�7�+�3� �-�2�3�+�4�3� �-�1�7�+�3� �1�4�0�+�2�1� 

� � 

�1�,�2�-� 
�D�i�c�h�l�o�r�o�-� 
�b�e�n�z�e�n�e� 

�-�1�2�0�+�1�8� �-�1�2�0�+�1�8� �1�7�8�+�2�7� �6�9�.�9�4�1�0� �6�9�.�9�+�1�0� �1�7�8�4�2�7� 

� � � � �1�,�3�,�5�-� 
�T�r�i�c�h�l�o�r�o�-� 
�b�e�n�z�e�n�e� � � �-�3�3�0�£�5�0� � � �2�9�0�+�4�4� � � �-�3�3�0�+�5�0� � � �2�9�0�+�4�4� � � �-�3�3�0�+�5�0� � � �2�9�0�+�4�4� 

� � 

�N�o�t�e�:� 

�a�.� �L�i�q�u�i�d� �p�h�a�s�e� �'�?�C� �D�N�P� �e�x�p�e�r�i�m�e�n�t�s� �f�o�r� �1�-�C�h�l�o�r�o�b�e�n�z�e�n�e� �a�n�d� �1�,�3�,�5�-� 
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�c�.� �U�l�t�i�m�a�t�e� �'�°�C� �D�N�P� �e�n�h�a�n�c�e�m�e�n�t�s� �o�f� �t�h�e� �c�h�l�o�r�o�b�e�n�z�e�n�e�s�.� 
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�s�u�b�s�t�i�t�u�t�e�d� �c�a�r�b�o�n� �p�o�s�i�t�i�o�n�s�.� 
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�m�e�t�h�y�l� �g�r�o�u�p� �i�s� �a�n� �e�l�e�c�t�r�o�n� �d�o�n�o�r� �f�o�r� �t�h�e� �b�e�n�z�e�n�e� �r�i�n�g�,� �C�o�m�p�a�r�e�d� �w�i�t�h� �n�i�t�r�o�b�e�n�z�e�n�e� 

�(�F�i�g�u�r�e� �4�.�1�4�)�,� �t�h�e� �r�i�n�g� �c�a�r�b�o�n�s� �o�f� �t�o�l�u�e�n�e� �a�r�e� �m�u�c�h� �p�o�o�r�e�r� �e�l�e�c�t�r�o�n� �a�c�c�e�p�t�o�r�.� �T�h�e�r�e�f�o�r�e�,� 

�m�u�c�h� �l�e�s�s� �e�l�e�c�t�r�o�n� �s�p�i�n� �d�e�n�s�i�t�y� �c�a�n� �t�r�a�n�s�m�i�t� �t�o� �t�h�e� �r�i�n�g� �c�a�r�b�o�n�s� �t�h�r�o�u�g�h� �t�h�e� 

�s�p�i�n�d�e�l�o�c�a�l�i�z�a�t�i�o�n� �m�e�c�h�a�n�i�s�m�.� �T�h�e� �s�m�a�l�l�e�r� �d�i�p�o�l�a�r� �e�n�h�a�n�c�e�m�e�n�t�s� �o�b�s�e�r�v�e�d� �a�t� �t�h�e� �c�a�r�b�o�n� 

�s�i�t�e�s� �o�f� �C�-�2� �t�o� �C�-�4� �t�h�a�n� �t�h�a�t� �o�f� �t�h�e� �j�u�n�c�t�i�o�n� �c�a�r�b�o�n� �a�r�e� �e�x�p�l�a�i�n�e�d� �a�s� �t�h�e� �p�r�e�s�e�n�c�e� �o�f� �l�a�r�g�e�r� 

�s�c�a�l�a�r� �c�o�m�p�o�n�e�n�t�s� �a�t� �t�h�e�s�e� �p�o�s�i�t�i�o�n�s� �w�h�e�r�e� �t�h�e� �d�i�r�e�c�t� �s�p�i�n� �d�e�l�o�c�a�l�i�z�a�t�i�o�n� �m�a�y� �o�c�c�u�r� �m�o�r�e� 

�e�f�f�i�c�i�e�n�t�l�y� �t�h�a�n� �a�t� �t�h�e� �j�u�n�c�t�i�o�n� �c�a�r�b�o�n� �s�i�t�e�.� �T�h�e� �s�m�a�l�l�e�r�  ��°�C� �d�i�p�o�l�a�r� �e�n�h�a�n�c�e�m�e�n�t� �f�o�r� �t�h�e� 

�m�e�t�h�y�l� �g�r�o�u�p� �s�u�g�g�e�s�t�s� �t�h�a�t� �a� �l�a�r�g�e�r� �s�c�a�l�a�r� �c�o�m�p�o�n�e�n�t� �e�x�i�s�t�s� �a�t� �t�h�i�s� �c�a�r�b�o�n� �s�i�t�e�.� �T�h�e� 

�i�n�t�r�a�m�o�l�e�c�u�l�a�r� �a�n�d� �t�h�e� �i�n�t�e�r�m�o�l�e�c�u�l�a�r� �s�p�i�n� �p�o�l�a�r�i�z�a�t�i�o�n� �m�a�y� �j�o�i�n�t�l�y� �c�o�n�t�r�i�b�u�t�e� �t�o� �t�h�e� �s�p�i�n� 

�d�e�n�s�i�t�y� �i�n�d�u�c�e�d� �a�t� �t�h�i�s� �c�a�r�b�o�n� �s�i�t�e�.� 

�4�.�3� �%�C� �D�N�P� �S�t�u�d�i�e�s� �o�f� �D�i�p�h�e�n�y�l�m�e�t�h�a�n�e� �a�n�d� �T�r�i�p�h�e�n�y�l�m�e�t�h�a�n�e� �i�n� 

�T�E�M�P�O�/�C�y�c�l�o�h�e�x�a�n�e� �S�o�l�u�t�i�o�n�s� 

�4�.�3�.�1� �I�n�t�r�o�d�u�c�t�i�o�n� 

�A�s� �m�e�n�t�i�o�n�e�d� �b�e�f�o�r�e�,� �D�N�P� �e�n�h�a�n�c�e�m�e�n�t�s� �d�e�p�e�n�d�s� �o�n� �t�h�e� �c�o�r�r�e�l�a�t�i�o�n� �t�i�m�e� �o�f� �t�h�e� 

�s�a�m�p�l�e� �m�o�l�e�c�u�l�e�s�.� �A�l�t�h�o�u�g�h� �t�h�e� �a�c�i�d�i�t�y� �o�f� �a� �C�-�H� �b�o�n�d� �c�a�n� �a�f�f�e�c�t� �t�h�e� �s�c�a�l�a�r� �e�n�h�a�n�c�e�m�e�n�t� 

�o�f� �t�h�e� �c�a�r�b�o�n� �n�u�c�l�e�u�s� �o�f� �t�h�e� �a�c�i�d�i�c� �c�a�r�b�o�n�-�h�y�d�r�o�g�e�n� �b�o�n�d�,� �m�o�l�e�c�u�l�a�r� �c�o�r�r�e�l�a�t�i�o�n� �t�i�m�e� 

�m�a�y� �a�l�s�o� �i�n�f�l�u�e�n�c�e� �t�h�e� �m�a�g�n�i�t�u�d�e� �o�f� �t�h�e� �s�c�a�l�a�r� �c�o�m�p�o�n�e�n�t�.� �I�n� �o�r�d�e�r� �t�o� �s�e�e� �t�h�e� �c�o�r�r�e�l�a�t�i�o�n� 

�t�i�m�e� �e�f�f�e�c�t� �o�n� �t�h�e� �'�°�C� �s�c�a�l�a�r� �e�n�h�a�n�c�e�m�e�n�t�s� �o�f� �w�e�a�k� �h�y�d�r�o�c�a�r�b�o�n� �a�c�i�d�s�,� �t�r�i�p�h�e�n�y�l�m�e�t�h�a�n�e� 
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�a�n�d� �d�i�p�h�e�n�y�l�m�e�t�h�a�n�e�,� �w�h�i�c�h� �h�a�v�e� �l�a�r�g�e�r� �m�o�l�e�c�u�l�a�r� �s�i�z�e� �a�n�d� �t�h�u�s� �l�o�n�g�e�r� �c�o�r�r�e�l�a�t�i�o�n� �t�i�m�e�s� 

�t�h�a�n� �t�h�o�s�e� �o�f� �t�h�e� �c�a�r�b�o�n�y�l� �c�o�m�p�o�u�n�d�s� �s�t�u�d�i�e�d� �b�e�f�o�r�e�,� �a�r�e� �s�t�u�d�i�e�d� �b�y� �t�h�e� �l�i�q�u�i�d� �p�h�a�s�e� �'�°�C� 

�D�N�P� �t�e�c�h�n�i�q�u�e�.� �U�p� �t�o� �t�h�i�s� �d�a�t�e�,� �n�o� �'�3�C� �D�N�P� �r�e�s�u�l�t�s� �h�a�v�e� �b�e�e�n� �r�e�p�o�r�t�e�d� �f�o�r� �t�h�e�s�e� 

�m�o�l�e�c�u�l�e�s�.� 

�4�.�3�.�2� �°�C� �D�N�P� �S�t�u�d�i�e�s� �o�f� �D�i�p�h�e�n�y�l�m�e�t�h�a�n�e� �a�n�d� �T�r�i�p�h�e�n�y�l�m�e�t�h�a�n�e� �i�n� 

�T�E�M�P�O�/�C�y�c�l�o�h�e�x�a�n�e� �S�o�l�u�t�i�o�n�s� 

�T�h�e� �'�°�C� �D�N�P� �s�p�e�c�t�r�a� �o�f� �t�o�l�u�e�n�e�,� �d�i�p�h�e�n�y�l�m�e�t�h�a�n�e�,� �a�n�d� �t�r�i�p�h�e�n�y�l�m�e�t�h�a�n�e� �a�r�e� 

�s�h�o�w�n� �i�n� �F�i�g�u�r�e� �4�.�1�1�,� �4�.�1�6�,� �4�.�1�7�.� �A�s� �c�a�n� �b�e� �s�e�e�n� �f�r�o�m� �t�h�e�s�e� �s�p�e�c�t�r�a� �a�n�d� �T�a�b�l�e�s� �4�.�1�1�,� 

�4�.�1�3�,� �4�.�1�4�,� �t�h�e� �u�l�t�i�m�a�t�e� �D�N�P� �e�n�h�a�n�c�e�m�e�n�t� �f�o�r� �t�o�l�u�e�n�e� �i�s� �d�i�p�o�l�a�r� �d�o�m�i�n�a�t�e�d�,� �b�u�t� �b�e�c�o�m�e�s� 

�a� �s�m�a�l�l� �s�c�a�l�a�r� �d�o�m�i�n�a�n�c�e� �f�o�r� �d�i�p�h�e�n�y�l� �m�e�t�h�a�n�e�,� �a�n�d� �f�u�r�t�h�e�r� �c�h�a�n�g�e�s� �i�n�t�o� �a� �f�a�i�r�l�y� �l�a�r�g�e� 

�s�c�a�l�a�r� �e�n�h�a�n�c�e�m�e�n�t� �f�o�r� �t�r�i�p�h�e�n�y�l�m�e�t�h�a�n�e�.� �T�h�i�s� �t�r�e�n�d� �i�s� �c�o�n�s�i�s�t�e�n�t� �w�i�t�h� �t�h�e� �a�c�i�d�i�t�y� �c�h�a�n�g�e� 

�a�s� �i�n�d�i�c�a�t�e�d� �b�y� �t�h�e� �c�o�r�r�e�s�p�o�n�d�i�n�g� �p�K�a� �v�a�l�u�e�s� �o�f� �t�h�e�s�e� �m�o�l�e�c�u�l�e�s� �(�F�i�g�u�r�e� �4�.�1�8�)�.�* �� �A�l�s�o�,� 

�t�h�i�s� �t�r�e�n�d� �c�a�n� �b�e� �e�x�p�l�a�i�n�e�d� �b�y� �t�h�e� �h�y�d�r�o�g�e�n� �b�o�n�d�i�n�g� �s�p�i�n� �p�o�l�a�r�i�z�a�t�i�o�n� �m�e�c�h�a�n�i�s�m�,� �t�h�a�t� �i�s�,� 

�t�h�e� �m�o�r�e� �a�c�i�d�i�c� �C�-�H� �b�o�n�d� �o�f� �t�h�e� �m�e�t�h�y�l�e�n�e� �g�r�o�u�p� �i�n� �t�r�i�p�h�e�n�y�l�m�e�t�h�a�n�e� �c�a�n� �h�a�v�e� �a� 

�s�t�r�o�n�g�e�r� �h�y�d�r�o�g�e�n� �b�o�n�d�i�n�g� �w�i�t�h� �t�h�e� �f�r�e�e� �r�a�d�i�c�a�l� �a�n�d� �m�o�r�e� �e�l�e�c�t�r�o�n� �s�p�i�n� �d�e�n�s�i�t�y� �c�a�n� �b�e� 

�i�n�d�u�c�e�d� �a�t� �t�h�e� �c�a�r�b�o�n� �s�i�t�e�.� 

�A�l�t�h�o�u�g�h� �t�h�e� �D�N�P� �u�l�t�i�m�a�t�e� �e�n�h�a�n�c�e�m�e�n�t�s� �o�f� �t�h�e�s�e� �t�h�r�e�e� �m�o�l�e�c�u�l�e�s� �s�h�o�w� �t�h�e� �s�a�m�e� 

�t�r�e�n�d� �a�s� �t�h�a�t� �o�f� �t�h�e� �p�K�a� �v�a�l�u�e�s�,� �t�h�e� �D�N�P� �r�e�s�u�l�t�s� �i�n� �t�h�i�s� �s�e�c�t�i�o�n� �a�r�e� �n�o�t� �c�o�m�p�a�r�a�b�l�e� �w�i�t�h� 

�t�h�e� �a�c�i�d�i�t�i�e�s� �o�f� �t�h�e� �c�a�r�b�o�n�y�l� �m�o�l�e�c�u�l�e�s� �c�h�a�r�a�c�t�e�r�i�z�e�d� �i�n� �t�h�i�s� �w�o�r�k�,� �s�u�c�h� �a�s� �a�c�e�t�a�l�d�e�h�y�d�e�.� 
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�(�a�)� �S�t�a�t�i�c� �N�M�R� �S�p�e�c�t�r�u�m� 

�2�6�.�9�0� 

�1�2�8�.�6�9� � � � � � � �1�0�0� �s�c�a�n�s� 

� � 

�(�b�)� �D�N�P� �S�p�e�c�t�r�u�m� 
�1�2�8�.�6�9� 

� � 

�1�0�0� �s�c�a�n�s� 
�1�4�0�.�7�5� 

�2�6�.�9�0� 

� � � � 
�F�i�g�u�r�e� �4�.�1�6�.� �L�i�q�u�i�d� �P�h�a�s�e� �'�°�C� �N�M�R� �(�5�0�.�1� �M�H�z�)� �a�n�d� �D�N�P� �S�p�e�c�t�r�a� �f�o�r� �D�i�p�h�e�n�y�l� 

�m�e�t�h�a�n�e�/�C�y�c�l�o�h�e�x�a�n�e� �(�4�0�/�6�0�,� �v�/�v�%�)�/�0�.�1� �M� �T�E�M�P�O�:� �(�a�)� �S�t�a�t�i�c� �N�M�R� 
�S�p�e�c�t�r�u�m� �(�1�0�0� �S�c�a�n�s�)�;� �(�b�)� �F�l�o�w� �T�r�a�n�s�f�e�r� �D�N�P� �S�p�e�c�t�r�u�m� �(�6� �m�L�/�m�i�n�,� �1�0�0� 
�S�c�a�n�s�)�.� 
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�T�a�b�l�e� �4�.�1�3�.� �L�i�q�u�i�d� �P�h�a�s�e� �'�*�C� �D�N�P� �E�n�h�a�n�c�e�m�e�n�t� �a�n�d� �R�e�l�a�x�a�t�i�o�n� �D�a�t�a� �f�o�r� 

�P�h�»�C�H�)�/�C�y�c�l�o�h�e�x�a�n�e� �(�4�0�/�6�0�,� �v�/�v�%�)�/� �0�.�1� �M� �T�E�M�P�O� 

� � 

� � 

� � 

� � 

� � 

� � 

� � � � � � � � � � � � � � � � 

�C�a�r�b�o�n� �|� �P�e�a�k�?� �T�i�0�°� �T�°� �f�°� �A�g� �r�o�t�s� 
�S�i�t�e� �P�o�s�i�t�i�o�n� �|� �(�S�e�c�.� �)� �(� �S�e�c�.� �)� 

�(�p�p�m� �)� 
�l� �1�4�0�.�7�5� �3�8�.�7� �2�.�6�4� �0�.�9�3�2� �-�4�2�9�+�6�4� 
�2� �1�2�8�.�6�9� �1�3�.�2� �1�.�9�1� �0�.�8�5�5� �|�-�1�5�.�8�+�2�.�3�7� 
�3� �1�2�8�.�1�0� �9�.�9�5� �1�.�8�5� �0�.�8�1�4� �|�-�9�.�9�6�+�1�.�4�9� 

�4� �1�2�5�.�7�7� �7�.�6�4� �2�.�2�2� �0�.�7�0�9� �|� �3�.�8�2�+�0�.�5�7� 

�-�C�H�)�-� �4�1�.�9�8� �6�.�4�3� �1�.�2�9� �0�.�8�0�0� �|� �6�7�.�2�+�1�0�.�1� 

�C�e�H�i�2� �2�6�.�9�0� �2�7�.�2� �3�.�1�4� �0�.�8�8�5� �-�2�7�0�+�4�0� 
� � 

�O�r�c� �O�s� 
�N�o�t�e�:� 

�(�a�)� �R�a�t�i�o� �m�e�t�h�o�d� �w�a�s� �u�s�e�d� �t�o� �c�a�l�c�u�l�a�t�e� �t�h�e� �D�N�P� �u�l�t�i�m�a�t�e� �e�n�h�a�n�c�e�m�e�n�t�s� 

�(�b�)� �'�H� �b�r�o�a�d�-�b�a�n�d� �d�e�c�o�u�p�l�i�n�g� �w�a�s� �e�m�p�l�o�y�e�d� �t�o� �e�l�i�m�i�n�a�t�e� �p�r�o�t�o�n�-�c�a�r�b�o�n� �c�o�u�p�l�i�n�g�.� 

�(�c�)� �T�,� �a�n�d� �T�j�o� �a�r�e� �t�h�e� �s�p�i�n�-�l�a�t�t�i�c�e� �r�e�l�a�x�a�t�i�o�n� �t�i�m�e�s� �o�f� �t�h�e� �c�a�r�b�o�n� �n�u�c�l�e�i� �w�i�t�h� �a�n�d� �w�i�t�h�o�u�t� 
�T�E�M�P�O� �i�n� �t�h�e� �s�a�m�p�l�e� �s�o�l�u�t�i�o�n�,� �r�e�s�p�e�c�t�i�v�e�l�y�.� 

�(�d�)� �T�h�e� �l�e�a�k�a�g�e� �f�a�c�t�o�r� �f� �w�a�s� �c�a�l�c�u�l�a�t�e�d� �b�a�s�e�d� �o�n� �T�;� �m�e�a�s�u�r�e�m�e�n�t�s� �a�t� �4�.�7� �T� �m�a�g�n�e�t�i�c� �f�i�e�l�d�.� 

�(�e�)� �T�h�e� �0�.�3�3� �T� �'�3�C� �D�N�P� �e�n�h�a�n�c�e�m�e�n�t�s� �w�e�r�e� �m�o�n�i�t�o�r�e�d� �a�t� �4�.�7� �T�.� �A�l�l� �d�a�t�a� �w�a�s� �o�b�t�a�i�n�e�d� �a�t� 
�r�o�o�m� �t�e�m�p�e�r�a�t�u�r�e�.� 

�(�f�)� �C�y�c�l�o�h�e�x�a�n�e� �w�a�s� �u�s�e�d� �a�s� �t�h�e� �r�e�f�e�r�e�n�c�e� �c�o�m�p�o�u�n�d� �w�i�t�h� �A�S� �=� �-�2�7�0�+� �4�0�.� 

�(�g�)� �T�h�e� �u�l�t�i�m�a�t�e� �'�3�C� �D�N�P� �e�n�h�a�n�c�e�m�e�n�t� �A�.�,� �i�s� �a�n� �a�v�e�r�a�g�e� �v�a�l�u�e� �o�f� �f�o�u�r� �m�e�a�s�u�r�e�m�e�n�t�s� �a�t� 
�d�i�f�f�e�r�e�n�t� �p�o�w�e�r� �l�e�v�e�l�s�.� �T�h�e� �e�s�t�i�m�a�t�e�d� �r�e�l�a�t�i�v�e� �s�t�a�n�d�a�r�d� �d�e�v�i�a�t�i�o�n� �f�o�r� �A�.� �i�s� �a�b�o�u�t� �1�5�%�.� 
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�(�a�)� �S�t�a�t�i�c� �N�M�R� �S�p�e�c�t�r�u�m� 

�2�6� �9�0� 

� � 

� � 

�(�b�)� �D�N�P� �S�p�e�c�t�r�u�m� 

�1�2�9�.�1�7� 

� � 

�F�i�g�u�r�e� �4�.�1�7�.� �L�i�q�u�i�d� �P�h�a�s�e� �'�*�C� �N�M�R� �(�5�0�.�1� �M�H�z�)� �a�n�d� �D�N�P� �S�p�e�c�t�r�a� �f�o�r� �1� �M� 
�T�r�i�p�h�e�n�y�l�m�e�t�h�a�n�e�/�C�y�c�l�o�h�e�x�a�n�e�/�0�.�1� �M� �T�E�M�P�O�:� �(�a�)� �S�t�a�t�i�c� �N�M�R� �S�p�e�c�t�r�u�m� 
�(�1�0�0� �S�c�a�n�s�)�;� �(�b�)� �F�l�o�w� �T�r�a�n�s�f�e�r� �D�N�P� �S�p�e�c�t�r�u�m� �(�6� �m�L�/�m�i�n�,� �1�0�0� �S�c�a�n�s�)�.� 
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�T�a�b�l�e� �4�.�1�4�.� �L�i�q�u�i�d� �P�h�a�s�e�  ��°�C� �D�N�P� �E�n�h�a�n�c�e�m�e�n�t� �a�n�d� �R�e�l�a�x�a�t�i�o�n� �D�a�t�a� �f�o�r� �1� �M� 

�(�P�h�)�;�C�H�/�C�y�c�l�o�h�e�x�a�n�e�(�4�0�/�6�0�,� �v�/�v�%�)�/�0�.�1� �M� �T�E�M�P�O� �S�y�s�t�e�m� 

� � 

� � 

� � 

� � 

� � 

� � 

� � � � � � � � � � 

�C�a�r�b�o�n� �P�e�a�k� �°� �T�i�0�°� �T�°� �f� �A�w� �2�e�h�8� 
�S�i�t�e� �P�o�s�i�t�i�o�n� �(� �S�e�c�.� �)� �(� �S�e�c�.� �)� 

�(�p�p�m� �)� 
�]� �1�4�4�.�8�4� �2�9�.�9� �1�.�9�2� �0�.�9�3�6� �-�4�2�5�+�6�3�.�8� 

�2� �1�2�9�.�1�7� �3�.�9�9� �1�.�2�2� �0�.�6�9�4� �9�6�.�7�+�1�4�.�5� 

�3� �1�2�7�.�8�1� �4�.�4�]� �1�.�0�5� �0�.�7�6�2� �8�3�.�0�+�1�2�.�5� 

�4� �1�2�5�.�8�6� �4�.�7�8� �0�.�7�2�2� �0�.�8�4�9� �8�8�.�4�+�1�3�.�2� 

�_�¢�d�y�-� �5�6�.�9�7� �4�.�0�6� �0�.�9�0�7� �0�.�7�7�7� �1�2�9�+�1�9� 

�C�.�e�H�i�2� �2�6�.�9�0� �2�7�.�9� �2�.�7�6� �0�.�9�0�1� �-�2�7�0�+�4�0� � � � � � � 
� � 

�O�-�o�+�O�:� 
�O� 

�N�o�t�e�:� 

�(�a�)� �R�a�t�i�o� �m�e�t�h�o�d� �w�a�s� �u�s�e�d� �t�o� �c�a�l�c�u�l�a�t�e� �t�h�e� �D�N�P� �u�l�t�i�m�a�t�e� �e�n�h�a�n�c�e�m�e�n�t�s� 

�(�b�)� �'�H� �b�r�o�a�d�-�b�a�n�d� �d�e�c�o�u�p�l�i�n�g� �w�a�s� �e�m�p�l�o�y�e�d� �t�o� �e�l�i�m�i�n�a�t�e� �p�r�o�t�o�n�-�c�a�r�b�o�n� �c�o�u�p�l�i�n�g�.� 

�(�c�)� �T�;� �a�n�d� �T�j�o� �a�r�e� �t�h�e� �s�p�i�n�-�l�a�t�t�i�c�e� �r�e�l�a�x�a�t�i�o�n� �t�i�m�e�s� �o�f� �t�h�e� �c�a�r�b�o�n� �n�u�c�l�e�i� �w�i�t�h� �a�n�d� �w�i�t�h�o�u�t� 
�T�E�M�P�O� �i�n� �t�h�e� �s�a�m�p�l�e� �s�o�l�u�t�i�o�n�,� �r�e�s�p�e�c�t�i�v�e�l�y�.� 

�(�d�)� �T�h�e� �l�e�a�k�a�g�e� �f�a�c�t�o�r� �f�w�a�s� �c�a�l�c�u�l�a�t�e�d� �b�a�s�e�d� �o�n� �T�;� �m�e�a�s�u�r�e�m�e�n�t�s� �a�t� �4�.�7� �T� �m�a�g�n�e�t�i�c� �f�i�e�l�d�.� 

�(�e�)� �T�h�e� �0�.�3�3� �T� �'�3�C� �D�N�P� �e�n�h�a�n�c�e�m�e�n�t�s� �w�e�r�e� �m�o�n�i�t�o�r�e�d� �a�t� �4�.�7� �T�.� �A�l�l� �d�a�t�a� �w�a�s� �o�b�t�a�i�n�e�d� �a�t� 
�r�o�o�m� �t�e�m�p�e�r�a�t�u�r�e�.� 

�(�f�)� �C�y�c�l�o�h�e�x�a�n�e� �w�a�s� �u�s�e�d� �a�s� �t�h�e� �r�e�f�e�r�e�n�c�e� �c�o�m�p�o�u�n�d� �w�i�t�h� �A�r�e� �=�  ��2�7�0�+�4�0�.� 

�(�g�)� �T�h�e� �u�l�t�i�m�a�t�e� �'�*�C� �D�N�P� �e�n�h�a�n�c�e�m�e�n�t� �A�.�,� �i�s� �a�n� �a�v�e�r�a�g�e� �v�a�l�u�e� �o�f� �f�o�u�r� �m�e�a�s�u�r�e�m�e�n�t�s� �a�t� 
�d�i�f�f�e�r�e�n�t� �p�o�w�e�r� �l�e�v�e�l�s�.� �T�h�e� �e�s�t�i�m�a�t�e�d� �r�e�l�a�t�i�v�e� �s�t�a�n�d�a�r�d� �d�e�v�i�a�t�i�o�n� �f�o�r� �A�.�.� �i�s� �a�b�o�u�t� �1�5�%�.� 
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�g� �P�K�a�=�4�1�.�2� �-�2�0� �p�K�a�=�1�6�.�5� 
�4�2�3�8�C�H�3� �<�/� �C� �0� 

�1�9�6� �7� �<� �_� �Y�Y� 
�e�1�9�2� �9�6�2�)� �4�.� �-�2�3�6� 

�+�8�3�.�0� �.� �1�2� �+�9�7�2� �1�5�.�8� �4�3�.�8�9� �o�s� �s�s� �+�8�8�4� 

�O�R�I� �O�N� �_� �-�4�2�9� �=� �p�K�a�=�3�3�.�4� �9�.�9�6� �p�K�a�=�3�1� �o�s� �$�5�6�7� 

�F�i�g�u�r�e� �4�.�1�8�.� �'�°�C� �D�N�P� �E�n�h�a�n�c�e�m�e�n�t�s� �(�A�.�.�)� �a�n�d� �p�K�a� �V�a�l�u�e�s� �o�f� �T�o�l�u�e�n�e�,� �D�i�p�h�e�n�y�l�m�e�t�h�a�n�e�,� 
�T�r�i�p�h�e�n�y�l�m�e�t�h�a�n�e�,� �a�n�d� �A�c�e�t�a�l�d�e�h�y�d�e� �w�i�t�h� �0�.�1� �M� �T�E�M�P�O� 
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�T�h�i�s� �r�e�s�u�l�t� �m�a�y� �s�u�g�g�e�s�t� �t�h�a�t� �t�h�e� �t�r�a�n�s�i�e�n�t� �h�y�d�r�o�g�e�n� �b�o�n�d�i�n�g� �b�e�t�w�e�e�n� �t�h�e� �a�c�i�d�i�c� �C�-�H� �b�o�n�d� 

�a�n�d� �t�h�e� �f�r�e�e� �r�a�d�i�c�a�l� �m�a�y� �n�o�t� �b�e� �t�h�e� �o�n�l�y� �f�a�c�t�o�r� �o�f� �i�n�f�l�u�e�n�c�i�n�g� �t�h�e� �s�c�a�l�a�r� �i�n�t�e�r�a�c�t�i�o�n�.� �I�t� 

�s�h�o�u�l�d� �b�e� �n�o�t�e�d� �t�h�a�t� �t�h�e� �D�N�P� �e�n�h�a�n�c�e�m�e�n�t� �i�s� �c�l�o�s�e�l�y� �r�e�l�a�t�e�d� �t�o� �t�h�e� �c�o�r�r�e�l�a�t�i�o�n� �t�i�m�e� �(�t�,�)� 

�o�f� �t�h�e� �s�a�m�p�l�e� �m�o�l�e�c�u�l�e�s� �b�e�c�a�u�s�e� �t�h�e� �s�p�e�c�t�r�a�l� �f�u�n�c�t�i�o�n� �J�(�@�)� �i�s� �a� �f�u�n�c�t�i�o�n� �o�f� �t�,�.� �A� �p�i�c�t�u�r�e� �o�f� 

�J�(�@�)� �a�s� �a� �f�u�n�c�t�i�o�n� �o�f� �t�T�,� �i�s� �g�i�v�e�n� �i�n� �F�i�g�u�r�e� �4�.�1�9�.� �I�t� �c�a�n� �b�e� �s�e�e�n� �f�r�o�m� �t�h�i�s� �F�i�g�u�r�e� �t�h�a�t� �a�t� 

�m�e�d�i�u�m� �t�o� �l�o�w� �r�e�s�o�n�a�n�c�e� �f�r�e�q�u�e�n�c�i�e�s� �(�a� �f�r�e�q�u�e�n�c�y� �r�e�g�i�o�n� �f�o�r� �t�h�e� �D�N�P� �e�x�p�e�r�i�m�e�n�t�)�,� 

�m�o�l�e�c�u�l�e�s� �w�i�t�h� �l�o�n�g� �c�o�r�r�e�l�a�t�i�o�n� �t�i�m�e� �h�a�v�e� �l�a�r�g�e�r� �s�p�e�c�t�r�a�l� �d�e�n�s�i�t�y� �f�u�n�c�t�i�o�n� �v�a�l�u�e�s� �t�h�a�n� �t�h�e� 

�m�o�l�e�c�u�l�e�s� �w�i�t�h� �s�h�o�r�t� �c�o�r�r�e�l�a�t�i�o�n� �t�i�m�e�s�.� �S�i�n�c�e� �t�h�e� �c�o�r�r�e�l�a�t�i�o�n� �t�i�m�e� �o�f� �l�a�r�g�e� �m�o�l�e�c�u�l�e�s� �i�s� 

�l�o�n�g�e�r� �t�h�a�n� �t�h�a�t� �o�f� �t�h�e� �s�m�a�l�l� �m�o�l�e�c�u�l�e�s�,� �i�t� �c�a�n� �b�e� �e�x�p�e�c�t�e�d� �t�h�a�t� �t�h�e� �s�p�e�c�t�r�a�l� �d�e�n�s�i�t�y� 

�f�u�n�c�t�i�o�n� �o�f� �l�a�r�g�e� �m�o�l�e�c�u�l�e�s� �h�a�s� �a� �h�i�g�h�e�r� �v�a�l�u�e� �t�h�a�n� �t�h�a�t� �o�f� �s�m�a�l�l� �m�o�l�e�c�u�l�e�s�.� �S�i�n�c�e� �t�h�e� 

�D�N�P� �e�n�h�a�n�c�e�m�e�n�t� �i�s� �p�r�o�p�o�r�t�i�o�n�a�l� �t�o� �t�h�e� �s�p�e�c�t�r�a�l� �d�e�n�s�i�t�y� �f�u�n�c�t�i�o�n�,� �l�a�r�g�e� �m�o�l�e�c�u�l�e�s�,� �s�u�c�h� 

�a�s�,� �t�r�i�p�h�e�n�y�l�m�e�t�h�a�n�e� �a�r�e� �e�x�p�e�c�t�e�d� �t�o� �h�a�v�e� �a� �h�i�g�h�e�r�  ��°�C� �D�N�P� �e�n�h�a�n�c�e�m�e�n�t� �t�h�a�n� �t�h�e� 

�s�m�a�l�l�e�r� �m�o�l�e�c�u�l�e�s�,� �s�u�c�h� �a�s� �a�c�e�t�a�l�d�e�h�y�d�e�.� 

�T�h�e� �'�°�C� �D�N�P� �e�n�h�a�n�c�e�m�e�n�t�s� �f�o�r� �t�h�e� �r�i�n�g� �c�a�r�b�o�n�s� �o�f� �t�o�l�u�e�n�e�,� �d�i�p�h�e�n�y�l�m�e�t�h�a�n�e�,� �a�n�d� 

�t�r�i�p�h�e�n�y�l�m�e�t�h�a�n�e� �c�h�a�n�g�e� �f�r�o�m� �t�h�e� �l�a�r�g�e� �d�i�p�o�l�a�r� �d�o�m�i�n�a�t�e�d� �e�n�h�a�n�c�e�m�e�n�t�s� �t�o� �t�h�e� 

�c�o�n�s�i�d�e�r�a�b�l�e� �l�a�r�g�e� �s�c�a�l�a�r� �d�o�m�i�n�a�t�e�d� �e�n�h�a�n�c�e�m�e�n�t�s� �e�x�c�e�p�t� �f�o�r� �t�h�e� �j�u�n�c�t�i�o�n� �c�a�r�b�o�n�s�,� 

�r�e�s�p�e�c�t�i�v�e�l�y�.� �T�h�r�e�e� �m�a�j�o�r� �f�a�c�t�o�r�s� �m�a�y� �a�c�c�o�u�n�t� �f�o�r� �t�h�i�s� �t�r�e�n�d�.� �T�h�e� �f�i�r�s�t� �o�n�e� �i�s� �t�h�e� �e�l�e�c�t�r�o�n� 

�s�p�i�n� �t�r�a�n�s�f�e�r� �e�f�f�i�c�i�e�n�c�y� �d�i�f�f�e�r�e�n�c�e� �t�o� �t�h�e� �p�h�e�n�y�l� �g�r�o�u�p�s� �o�f� �t�h�e�s�e� �t�h�r�e�e� �c�o�m�p�o�u�n�d�s� �t�h�r�o�u�g�h� 

�t�h�e� �s�p�i�n� �d�e�l�o�c�a�l�i�z�a�t�i�o�n� �p�r�o�c�e�s�s�.� �F�r�o�m� �t�o�l�u�e�n�e� �t�o� �t�r�i�p�h�e�n�y�l�m�e�t�h�a�n�e�,� �t�h�e� �e�l�e�c�t�r�o�s�t�a�t�i�c� 

�r�e�p�u�l�s�i�o�n� �o�f� �t�h�e� �p�h�e�n�y�l� �g�r�o�u�p� �t�o� �t�h�e� �f�r�e�e� �r�a�d�i�c�a�l� �c�a�n� �b�e� �e�x�p�e�c�t�e�d� �t�o� �b�e�c�o�m�e� �w�e�a�k�e�r�.� 

�T�h�e�r�e�f�o�r�e�,� �m�o�r�e� �e�l�e�c�t�r�o�n� �s�p�i�n� �d�e�n�s�i�t�y� �c�a�n� �b�e� �t�r�a�n�s�m�i�t�t�e�d� �t�o� �t�h�e� �r�i�n�g� �c�a�r�b�o�n�s� �o�f� 
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�F�i�g�u�r�e� �4�.�1�9�.� �V�a�r�i�a�t�i�o�n� �o�f� �S�p�e�c�t�r�a�l� �D�e�n�s�i�t�y� �F�u�n�c�t�i�o�n� �J�(�@�)� �w�i�t�h� �@� �(�l�o�g� �s�c�a�l�e�)� �a�s� �a� �F�u�n�c�t�i�o�n� 
�o�f� �C�o�r�r�e�l�a�t�i�o�n� �T�i�m�e� �(�t�,�)� �(�C�i�t�e�d� �f�r�o�m� �R�e�f�.� �1�)�.� 
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�t�r�i�p�h�e�n�y�l�m�e�t�h�a�n�e� �t�h�a�n� �t�o� �t�h�o�s�e� �o�f� �t�o�l�u�e�n�e�,� �a�n�d� �l�a�r�g�e�r� �s�c�a�l�a�r� �c�o�m�p�o�n�e�n�t�s� �c�a�n� �b�e� �i�n�d�u�c�e�d� 

�f�o�r� �t�h�e� �r�i�n�g� �c�a�r�b�o�n�s� �o�f� �t�r�i�p�h�e�n�y�l�m�e�t�h�a�n�e�.� �T�h�e� �s�e�c�o�n�d� �f�a�c�t�o�r� �t�h�a�t� �m�a�y� �c�o�n�t�r�i�b�u�t�e� �t�o� �t�h�i�s� 

�t�r�e�n�d� �i�s� �t�h�e� �c�o�r�r�e�l�a�t�i�o�n� �t�i�m�e� �e�f�f�e�c�t�.� �F�r�o�m� �t�o�l�u�e�n�e� �t�o� �t�r�i�p�h�e�n�y�l�m�e�t�h�a�n�e�,� �t�h�e� �m�o�l�e�c�u�l�a�r� 

�c�o�r�r�e�l�a�t�i�o�n� �t�i�m�e� �i�n�c�r�e�a�s�e�s�.� �T�h�e� �s�c�a�l�a�r� �s�p�e�c�t�r�a�l� �d�e�n�s�i�t�y� �f�u�n�c�t�i�o�n� �v�a�l�u�e� �f�o�r� �t�r�p�h�e�n�y�l�m�e�t�h�a�n�e�,� 

�w�h�i�c�h� �h�a�s� �a� �l�o�n�g�e�r� �c�o�r�r�e�l�a�t�i�o�n� �t�i�m�e�,� �m�a�y� �b�e� �l�a�r�g�e�r� �t�h�a�n� �t�h�a�t� �o�f� �t�o�l�u�e�n�e� �a�t� �t�h�e� �e�x�p�e�r�i�m�e�n�t�a�l� 

�r�e�s�o�n�a�n�c�e� �f�r�e�q�u�e�n�c�y� �a�n�d� �r�e�s�u�l�t�s� �i�n� �a� �l�a�r�g�e�r� �s�c�a�l�a�r� �c�o�m�p�o�n�e�n�t�.� �T�h�e� �t�h�i�r�d� �f�a�c�t�o�r� �c�a�n� �b�e� �t�h�e� 

�c�o�l�l�i�s�i�o�n� �p�r�o�b�a�b�i�l�i�t�y� �d�i�f�f�e�r�e�n�c�e� �f�o�r� �t�h�e� �r�i�n�g� �c�a�r�b�o�n�s� �o�f� �t�h�e�s�e� �t�h�r�e�e� �m�o�l�e�c�u�l�e�s�.� �C�o�m�p�a�r�e�d� 

�w�i�t�h� �t�o�l�u�e�n�e�,� �t�h�e� �c�o�l�l�i�s�i�o�n� �p�r�o�b�a�b�i�l�i�t�y� �w�i�t�h� �t�h�e� �f�r�e�e� �r�a�d�i�c�a�l� �f�o�r� �a� �r�i�n�g� �c�a�r�b�o�n� �o�f� 

�t�r�p�h�e�n�y�l�m�e�t�h�a�n�e� �i�s� �a�b�o�u�t� �t�h�r�e�e� �t�i�m�e�s� �l�a�r�g�e�r� �t�h�a�n� �t�h�a�t� �o�f� �t�o�l�u�e�n�e�.� �T�h�i�s� �m�a�y� �r�e�s�u�l�t� �i�n� �a� 

�l�a�r�g�e�r� �a�m�o�u�n�t� �o�f� �e�l�e�c�t�r�o�n� �s�p�i�n�s� �t�r�a�n�s�m�i�t�t�i�n�g� �t�o� �t�h�e� �c�a�r�b�o�n� �s�i�t�e� �o�f� �t�r�i�p�h�e�n�y�l�m�e�t�h�a�n�e�,� �a�n�d� 

�c�a�u�s�e�s� �a� �l�a�r�g�e�r� �s�c�a�l�a�r� �c�o�m�p�o�n�e�n�t� �a�t� �t�h�a�t� �s�i�t�e�.� �T�h�e� �'�°�C� �D�N�P� �e�n�h�a�n�c�e�m�e�n�t� �t�r�e�n�d� �f�o�r� �t�h�e� �r�i�n�g� 

�c�a�r�b�o�n�s� �(�e�x�c�e�p�t� �f�o�r� �t�h�e� �j�u�n�c�t�i�o�n� �c�a�r�b�o�n�)� �o�f� �t�h�e�s�e� �t�h�r�e�e� �m�o�l�e�c�u�l�e�s� �m�a�y� �b�e� �t�h�e� �r�e�s�u�l�t� �o�f� �t�h�e� 

�j�o�i�n�t� �c�o�n�t�r�i�b�u�t�i�o�n�s� �o�f� �a�b�o�v�e� �t�h�r�e�e� �f�a�c�t�o�r�s�.� 

�T�h�e� �d�i�p�o�l�a�r� �d�o�m�i�n�a�t�e�d� �e�n�h�a�n�c�e�m�e�n�t�s� �f�o�r� �t�h�e� �j�u�n�c�t�i�o�n� �c�a�r�b�o�n�s� �o�f� �t�h�e� �p�h�e�n�y�l� 

�g�r�o�u�p�s� �a�r�e� �v�e�r�y� �c�l�o�s�e� �f�o�r� �t�h�e� �t�h�r�e�e� �m�o�l�e�c�u�l�e�s�.� �T�h�e� �s�t�e�r�i�c� �h�i�n�d�r�a�n�c�e� �o�f� �t�h�e� �m�e�t�h�y�l� �(�o�r� 

�m�e�t�h�y�l�e�n�e�)� �g�r�o�u�p� �m�a�y� �b�e� �t�h�e� �m�a�i�n� �f�a�c�t�o�r� �t�h�a�t� �c�a�u�s�e�s� �t�h�e� �d�i�p�o�l�a�r� �d�o�m�i�n�a�t�e�d� �e�n�h�a�n�c�e�m�e�n�t� 

�a�t� �t�h�i�s� �c�a�r�b�o�n� �s�i�t�e� �o�f� �t�h�e�s�e� �m�o�l�e�c�u�l�e�s�.� �T�h�e� �c�l�o�s�e�n�e�s�s� �o�f� �t�h�e� �d�i�p�o�l�a�r� �d�o�m�i�n�a�t�e�d� 

�e�n�h�a�n�c�e�m�e�n�t�s� �f�o�r� �t�h�e� �j�u�n�c�t�i�o�n� �c�a�r�b�o�n�s� �o�f� �t�h�e�s�e� �m�o�l�e�c�u�l�e�s� �m�a�y� �d�u�e� �t�o� �t�h�e� �c�o�m�p�e�t�i�t�i�o�n� 

�r�e�s�u�l�t� �b�e�t�w�e�e�n� �t�h�e� �d�i�p�o�l�a�r� �c�o�m�p�o�n�e�n�t� �a�n�d� �t�h�e� �s�c�a�l�a�r� �c�o�n�t�r�i�b�u�t�i�o�n� �a�t� �t�h�e� �j�u�n�c�t�i�o�n� �c�a�r�b�o�n�s�.� 
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�4�.�4� �S�o�l�u�t�i�o�n� �'�H� �a�n�d� �°�C� �D�N�P� �S�t�u�d�i�e�s� �o�f� �T�a�x�o�l�:� �A� �R�e�g�i�o�-�s�e�l�e�c�t�i�v�i�t�y� �S�t�u�d�y� 

�4�.�4�.�1� �I�n�t�r�o�d�u�c�t�i�o�n� 

�T�a�x�o�l� �(�F�i�g�u�r�e� �4�.�2�0�)�,� �a�n� �i�m�p�o�r�t�a�n�t� �a�n�t�i�-�c�a�n�c�e�r� �d�r�u�g�,� �h�a�s� �b�e�e�n� �e�x�t�e�n�s�i�v�e�l�y� �s�t�u�d�i�e�d� 

�i�n� �r�e�c�e�n�t� �y�e�a�r�s�.� �O�n�e� �m�a�j�o�r� �r�e�s�e�a�r�c�h� �e�f�f�o�r�t� �o�n� �T�a�x�o�l� �i�s� �t�h�e� �c�o�n�f�o�r�m�a�t�i�o�n�a�l� �a�n�a�l�y�s�i�s� �o�f� �t�h�i�s� 

�c�o�m�p�l�e�x� �m�o�l�e�c�u�l�e�.� �I�n� �s�o�l�u�t�i�o�n�s�,� �t�h�e� �c�o�n�f�o�r�m�a�t�i�o�n� �o�f� �T�a�x�o�l� �a�n�d� �t�h�e� �r�e�l�a�t�e�d� �c�o�m�p�o�u�n�d�s� 

�h�a�s� �b�e�e�n� �s�t�u�d�i�e�d� �b�y� �N�M�R� �a�n�d� �m�o�l�e�c�u�l�a�r� �m�o�d�e�l�i�n�g�. �� �B�y� �c�o�m�p�a�r�i�n�g� �t�h�e� �N�M�R� �a�n�d� �t�h�e� 

�m�o�l�e�c�u�l�a�r� �m�o�d�e�l�i�n�g� �c�o�n�f�o�r�m�a�t�i�o�n�a�l� �a�n�a�l�y�s�i�s� �r�e�s�u�l�t�s� �o�f� �T�a�x�o�l� �i�n� �s�o�l�u�t�i�o�n�s� �w�i�t�h� �t�h�e� �x�-�r�a�y� 

�a�n�a�l�y�s�i�s� �r�e�s�u�l�t�s� �o�f� �T�a�x�o�t�e�r�e�, �� �a�n� �a�n�a�l�o�g� �c�o�m�p�o�u�n�d� �o�f� �T�a�x�o�l�,� �i�t� �w�a�s� �f�o�u�n�d� �t�h�a�t� �t�h�e� �A�-�r�i�n�g� 

�s�i�d�e� �c�h�a�i�n� �c�o�n�f�o�r�m�a�t�i�o�n� �o�f� �T�a�x�o�l� �c�h�a�n�g�e�s� �s�l�i�g�h�t�l�y� �i�n� �d�i�f�f�e�r�e�n�t� �p�h�a�s�e�s�,�® �� �a�n�d� �e�v�e�n� �i�n� 

�s�o�l�u�t�i�o�n�s� �t�h�e� �c�o�n�f�o�r�m�a�t�i�o�n�s� �w�e�r�e� �d�i�f�f�e�r�e�n�t� �b�e�t�w�e�e�n� �t�h�a�t� �i�n� �n�o�n�-�a�q�u�e�o�u�s� �s�o�l�v�e�n�t� �a�n�d� �t�h�a�t� 

�i�n� �a�q�u�e�o�u�s� �s�o�l�v�e�n�t�.�®�°� �A�l�s�o�,� �d�u�e� �t�o� �t�h�e� �l�i�m�i�t�a�t�i�o�n� �o�f� �t�h�e� �N�M�R� �a�n�d� �m�o�l�e�c�u�l�a�r� �m�o�d�e�l�i�n�g� 

�t�e�c�h�n�i�q�u�e�s�,� �s�o�m�e� �o�f� �t�h�e� �c�o�n�f�o�r�m�a�t�i�o�n�a�l� �c�h�a�r�a�c�t�e�r� �o�f� �T�a�x�o�l� �i�n� �s�o�l�u�t�i�o�n�s� �h�a�s� �n�o�t� �b�e�e�n� 

�c�l�e�a�r�l�y� �r�e�s�o�l�v�e�d�.�®�°� 

�A�s� �m�e�n�t�i�o�n�e�d� �i�n� �C�h�a�p�t�e�r� �2�,� �d�i�p�o�l�a�r� �i�n�t�e�r�a�c�t�i�o�n� �b�e�t�w�e�e�n� �t�h�e� �s�a�m�p�l�e� �m�o�l�e�c�u�l�e� �a�n�d� 

�t�h�e� �f�r�e�e� �r�a�d�i�c�a�l� �d�e�p�e�n�d�s� �o�n� �t�h�e� �i�n�t�e�r�m�o�l�e�c�u�l�a�r� �d�i�s�t�a�n�c�e�.� �W�h�e�n� �t�h�e� �s�c�a�l�a�r� �c�o�m�p�o�n�e�n�t� �i�n� �a� 

�D�N�P� �e�n�h�a�n�c�e�m�e�n�t� �i�s� �n�e�g�l�i�g�i�b�l�e�,� �t�h�e� �D�N�P� �e�n�h�a�n�c�e�m�e�n�t� �c�a�n� �b�e� �r�e�l�a�t�e�d� �t�o� �t�h�e� �i�n�t�e�r�a�c�t�i�o�n� 

�d�i�s�t�a�n�c�e� �b�e�t�w�e�e�n� �t�h�e� �s�a�m�p�l�e� �m�o�l�e�c�u�l�e� �a�n�d� �t�h�e� �f�r�e�e� �r�a�d�i�c�a�l� �m�o�l�e�c�u�l�e�.� �S�i�n�c�e� �t�h�e� �i�n�t�e�r�a�c�t�i�o�n� 

�d�i�s�t�a�n�c�e� �i�s� �a� �m�e�a�s�u�r�e� �o�f� �t�h�e� �a�c�c�e�s�s�i�b�i�l�i�t�y� �o�f� �t�h�e� �r�e�c�e�p�t�o�r� �n�u�c�l�e�u�s� �t�o� �t�h�e� �f�r�e�e� �r�a�d�i�c�a�l� �p�r�o�b�e�,� 
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�F�i�g�u�r�e� �4�.�2�0�.� �M�o�l�e�c�u�l�a�r� �S�t�r�u�c�t�u�r�e� �o�f� �T�a�x�o�l�.� 
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�t�h�e� �d�i�p�o�l�a�r� �d�o�m�i�n�a�t�e�d� �D�N�P� �e�n�h�a�n�c�e�m�e�n�t�,� �i�n� �w�h�i�c�h� �t�h�e� �s�c�a�l�a�r� �c�o�n�t�r�i�b�u�t�i�o�n� �i�s� �n�e�g�l�i�g�i�b�l�e�,� 

�t�h�u�s� �r�e�f�l�e�c�t� �t�h�e� �d�e�g�r�e�e� �o�f� �o�p�e�n�n�e�s�s� �o�f� �t�h�e� �r�e�c�e�p�t�o�r� �n�u�c�l�e�u�s� �t�o�w�a�r�d�s� �t�h�e� �o�u�t�s�i�d�e� �m�o�l�e�c�u�l�e�s�,� 

�s�u�c�h� �a�s� �t�h�e� �f�r�e�e� �r�a�d�i�c�a�l� �m�o�l�e�c�u�l�e�.� �I�f� �t�h�e� �s�c�a�l�a�r� �c�o�n�t�r�i�b�u�t�i�o�n� �i�s� �l�a�r�g�e�,� �t�h�e� �D�N�P� �e�n�h�a�n�c�e�m�e�n�t� 

�w�i�l�l� �b�e� �s�e�n�s�i�t�i�v�e� �t�o� �t�h�e� �c�h�e�m�i�c�a�l� �a�n�d� �e�l�e�c�t�r�o�n�i�c� �e�n�v�i�r�o�n�m�e�n�t� �o�f� �t�h�e� �r�e�c�e�p�t�o�r� �n�u�c�l�e�i� �i�n� �t�h�e� 

�4� �.� �.� �.� �2�0�.�2�1�.�6�5� �i�n� �t�h�i�s� �c�a�s�e�,� �a� �c�l�e�a�r� �c�o�r�r�e�l�a�t�i�o�n� �b�e�t�w�e�e�n� �t�h�e� �D�N�P� �e�n�h�a�n�c�e�m�e�n�t� �s�a�m�p�l�e� �m�o�l�e�c�u�l�e�,� 

�a�n�d� �t�h�e� �i�n�t�e�r�a�c�t�i�o�n� �d�i�s�t�a�n�c�e� �c�a�n� �n�o�t� �b�e� �c�l�e�a�r�l�y� �o�b�t�a�i�n�e�d�.� �P�r�e�v�i�o�u�s� �i�n�v�e�s�t�i�g�a�t�i�o�n�s� �o�n� �'�H� 

�D�N�P� �h�a�v�e� �i�n�d�i�c�a�t�e�d� �t�h�a�t� �i�n� �m�o�s�t� �c�a�s�e�s�,� �t�h�e� �u�l�t�i�m�a�t�e� �e�n�h�a�n�c�e�m�e�n�t�s� �f�o�r� �p�r�o�t�o�n�s� �a�r�e� �c�l�o�s�e� �t�o� 

�t�h�e� �d�i�p�o�l�a�r� �l�i�m�i�t�,�*�°� �w�h�i�c�h� �m�e�a�n�s� �t�h�a�t� �t�h�e� �s�c�a�l�a�r� �c�o�n�t�r�i�b�u�t�i�o�n� �i�s� �c�l�o�s�e� �t�o� �z�e�r�o�,� �a�n�d� �t�h�a�t� �t�h�e� 

�'�H� �D�N�P� �e�n�h�a�n�c�e�m�e�n�t�s� �i�s� �o�n�l�y� �s�e�n�s�i�t�i�v�e� �t�o� �t�h�e� �i�n�t�e�r�a�c�t�i�o�n� �d�i�s�t�a�n�c�e�.� �F�o�r�m�e�r� �s�t�u�d�i�e�s� �a�l�s�o� 

�s�h�o�w�e�d� �t�h�a�t� �t�h�e� �'�°�C� �D�N�P� �e�n�h�a�n�c�e�m�e�n�t� �i�s� �m�o�r�e� �s�e�n�s�i�t�i�v�e� �t�o� �t�h�e� �s�c�a�l�a�r� �c�o�n�t�r�i�b�u�t�i�o�n� �w�h�e�n� 

�t�h�e� �c�h�e�m�i�c�a�l� �a�n�d� �e�l�e�c�t�r�o�n�i�c� �e�n�v�i�r�o�n�m�e�n�t� �o�f� �t�h�e� �r�e�c�e�p�t�o�r� �n�u�c�l�e�u�s� �i�s� �f�a�v�o�r�a�b�l�e� �t�o� �t�h�e� �s�c�a�l�a�r� 

�i�n�t�e�r�a�c�t�i�o�n� �m�e�c�h�a�n�i�s�m�.�'�*!"� �I�n� �m�o�s�t� �s�i�t�u�a�t�i�o�n�s�,� �w�h�e�n� �a� �c�a�r�b�o�n� �a�t�o�m� �i�s� �n�o�t� �a�t�t�a�c�h�e�d� �o�r� 

�a�d�j�a�c�e�n�t� �t�o� �a�n� �e�l�e�c�t�r�o�n� �a�t�t�r�a�c�t�i�n�g� �f�u�n�c�t�i�o�n�a�l� �g�r�o�u�p�,� �t�h�e� �s�c�a�l�a�r� �c�o�n�t�r�i�b�u�t�i�o�n� �i�s� �r�e�l�a�t�i�v�e�l�y� 

�s�m�a�l�l�,� �t�h�e� �'�°�C� �D�N�P� �e�n�h�a�n�c�e�m�e�n�t� �i�s� �d�i�p�o�l�a�r� �d�o�m�i�n�a�t�e�d� �a�n�d� �i�s� �s�e�n�s�i�t�i�v�e� �t�o� �t�h�e� �i�n�t�e�r�a�c�t�i�n�g� 

�d�i�s�t�a�n�c�e�.�'�*� �B�a�s�e�d� �o�n� �t�h�e� �a�b�o�v�e� �c�o�n�s�i�d�e�r�a�t�i�o�n�s�,� �t�h�e� �s�t�r�a�t�e�g�y� �o�f� �t�h�i�s� �w�o�r�k� �i�s� �t�o� �i�n�v�e�s�t�i�g�a�t�e� 

�t�h�e�  ��s�c�a�l�a�r� �c�o�u�p�l�i�n�g� �i�n�s�e�n�s�i�t�i�v�e �� �p�r�o�t�o�n� �a�n�d� �c�a�r�b�o�n� �n�u�c�l�e�i� �i�n� �T�a�x�o�l� �m�o�l�e�c�u�l�e�s� �b�y� �s�o�l�u�t�i�o�n� 

�'�H� �a�n�d� �°�C� �D�N�P� �e�x�p�e�r�i�m�e�n�t�s� �i�n� �o�r�d�e�r� �t�o� �f�i�n�d� �t�h�e� �r�e�l�a�t�i�o�n�s�h�i�p� �b�e�t�w�e�e�n� �t�h�e� �i�n�t�e�r�a�c�t�i�o�n� 

�d�i�s�t�a�n�c�e� �a�n�d� �t�h�e� �D�N�P� �e�n�h�a�n�c�e�m�e�n�t�s� �o�f� �t�h�e� �r�e�c�e�p�t�o�r� �n�u�c�l�e�i�.� 

�T�h�e� �p�u�r�p�o�s�e� �o�f� �t�h�i�s� �s�t�u�d�y� �i�s� �t�o� �o�b�t�a�i�n� �t�h�e� �c�o�n�f�o�r�m�a�t�i�o�n�a�l� �i�n�f�o�r�m�a�t�i�o�n� �o�f� �T�a�x�o�l� �i�n� 

�n�o�n�-�a�q�u�e�o�u�s� �s�o�l�u�t�i�o�n�s� �b�y� �'�H� �a�n�d� �'�°�C� �D�N�P� �t�e�c�h�n�i�q�u�e�s�.� 
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�4�.�4�.�2� �A�  ��H� �D�N�P� �S�t�u�d�y� �o�f� �A�c�e�t�y�l� �S�i�d�e� �C�h�a�i�n�s� �o�f� �T�a�x�o�l� �i�n� �t�h�e� 

�T�E�M�P�O�/�C�h�l�o�r�o�f�o�r�m� �S�o�l�u�t�i�o�n� 

�D�u�e� �t�o� �t�h�e� �l�i�m�i�t�a�t�i�o�n� �o�f� �t�h�e� �r�e�s�o�l�u�t�i�o�n� �o�f� �t�h�e� �N�M�R� �s�p�e�c�t�r�o�m�e�t�e�r�,� �o�n�l�y� �c�e�r�t�a�i�n� �'�H� 

�D�N�P� �s�i�g�n�a�l�s� �w�e�r�e� �c�l�e�a�r�l�y� �r�e�s�o�l�v�e�d� �(�e�.�g�.�,� �a�c�e�t�y�l� �h�y�d�r�o�g�e�n�s�,� �F�i�g�u�r�e� �4�.�2�1�)�.� �I�t� �c�a�n� �b�e� �s�e�e�n� 

�f�r�o�m� �T�a�b�l�e� �4�.�1�5� �t�h�a�t� �t�h�e� �'�H� �D�N�P� �e�n�h�a�n�c�e�m�e�n�t� �o�f� �t�h�e� �a�c�e�t�y�l� �p�r�o�t�o�n�s� �a�t� �C�-�1�0� �i�s� �l�a�r�g�e�r� �t�h�a�n� 

�t�h�a�t� �a�t� �C�-�4�.� �T�h�i�s� �e�n�h�a�n�c�e�m�e�n�t� �d�i�f�f�e�r�e�n�c�e� �c�o�u�l�d� �n�o�t� �r�e�s�u�l�t� �f�r�o�m� �t�h�e� �T�,� �d�i�f�f�e�r�e�n�c�e� �o�f� �t�h�e�s�e� 

�t�w�o� �g�r�o�u�p�s� �o�f� �p�r�o�t�o�n�s� �b�e�c�a�u�s�e� �t�h�e� �f�l�o�w� �t�r�a�n�s�f�e�r� �t�i�m�e� �(�~� �0�.�1�9� �s�e�c�o�n�d�)� �w�a�s� �s�h�o�r�t�e�r� �t�h�a�n� 

�e�i�t�h�e�r� �o�f� �t�h�e� �T�,� �v�a�l�u�e�s� �(�T�a�b�l�e� �4�.�1�5�)� �o�f� �t�h�e� �p�r�o�t�o�n�s�.� �S�i�n�c�e� �t�h�e� �s�c�a�l�a�r� �c�o�m�p�o�n�e�n�t� �a�m�o�n�g� �t�h�e� 

�'�H� �D�N�P� �e�n�h�a�n�c�e�m�e�n�t� �o�f� �t�h�e� �a�c�e�t�y�l� �p�r�o�t�o�n�s� �i�s� �n�e�g�l�i�g�i�b�l�e�,� �t�h�e� �e�n�h�a�n�c�e�m�e�n�t� �d�i�f�f�e�r�e�n�c�e� �o�f� 

�t�h�e�s�e� �r�e�c�e�p�t�o�r� �p�r�o�t�o�n�s� �c�a�n� �o�n�l�y� �b�e� �a�s�c�r�i�b�e�d� �t�o� �t�h�e� �d�i�p�o�l�a�r� �c�o�u�p�l�i�n�g� �i�n�t�e�n�s�i�t�y� �d�i�f�f�e�r�e�n�c�e� 

�r�e�s�u�l�t�i�n�g� �f�r�o�m� �t�h�e� �i�n�t�e�r�a�c�t�i�n�g� �d�i�s�t�a�n�c�e� �d�i�f�f�e�r�e�n�c�e� �o�f� �t�h�e�s�e� �t�w�o� �g�r�o�u�p�s� �o�f� �p�r�o�t�o�n�s� �w�i�t�h� 

�T�E�M�P�O�.� �T�h�e�r�e�f�o�r�e�,� �t�h�e� �a�c�e�t�y�l� �p�r�o�t�o�n�s� �a�t� �C�-�1�0� �a�r�e� �m�o�r�e� �a�c�c�e�s�s�i�b�l�e� �t�o� �t�h�e� �T�E�M�P�O� �p�r�o�b�e� 

�t�h�a�n� �t�h�o�s�e� �a�t� �C�-�4�.� �T�h�i�s� �r�e�s�u�l�t� �i�s� �c�o�n�s�i�s�t�e�n�t� �w�i�t�h� �t�h�e� �N�M�R� �a�n�d� �m�o�l�e�c�u�l�a�r� �m�o�d�e�l�i�n�g� 

�c�o�n�f�o�r�m�a�t�i�o�n�a�l� �a�n�a�l�y�s�i�s� �r�e�s�u�l�t�s�.�°�* �� �T�h�e� �s�m�a�l�l� �d�i�p�o�l�a�r� �d�o�m�i�n�a�t�e�d� �e�n�h�a�n�c�e�m�e�n�t�s� �o�f� �t�h�e� 

�a�c�e�t�y�l� �p�r�o�t�o�n�s� �r�e�l�a�t�i�v�e� �t�o� �t�h�e� �d�i�p�o�l�a�r� �e�n�h�a�n�c�e�m�e�n�t� �l�i�m�i�t� �m�a�y� �a�r�i�s�e� �f�r�o�m� �t�h�e� �l�a�r�g�e� 

�m�o�l�e�c�u�l�a�r� �s�i�z�e� �o�f� �T�a�x�o�l� �w�h�i�c�h� �r�e�s�u�l�t�s� �i�n� �a� �t�o�o� �l�o�n�g� �c�o�r�r�e�l�a�t�i�o�n� �t�i�m�e� �a�n�d� �t�h�u�s� �a� �r�e�d�u�c�e�d� 

�s�p�e�c�t�r�a�l� �d�e�n�s�i�t�y� �f�u�n�c�t�i�o�n� �v�a�l�u�e� �i�n� �t�h�e� �l�o�w� �m�a�g�n�e�t�i�c� �f�i�e�l�d� �(�F�i�g�u�r�e� �4�.�1�9�)�.� 
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�(�a�)� �S�t�a�t�i�c� �N�M�R� �S�p�e�c�t�r�u�m� 

�7�.�2�3� � � 
�3�0�0� �s�c�a�n�s� 

� � 

�(�b�)� �D�N�P� �S�p�e�c�t�r�u�m� 

�2�.�3�7� 

�3�0�0� �s�c�a�n�s� 

�7�.�2�3� � � 
�F�i�g�u�r�e� �4�.�2�1�.� �L�i�q�u�i�d� �P�h�a�s�e� �'�H� �N�M�R� �(�1�9�9�.�5� �M�H�z�)� �a�n�d� �D�N�P� �S�p�e�c�t�r�a� �f�o�r� �0�.�0�2�3� �M� 

�T�a�x�o�l�/�C�D�C�I�3�/�3�.�7� �x� �1�0�°� �M� �T�E�M�P�O�:� �(�a�)� �S�t�a�t�i�c� �N�M�R� �S�p�e�c�t�r�u�m� �(�3�0�0� �S�c�a�n�s�)�;� 
�(�b�)� �F�l�o�w� �T�r�a�n�s�f�e�r� �D�N�P� �S�p�e�c�t�r�u�m� �(�6� �m�L�/�m�i�n�,� �3�0�0� �S�c�a�n�s�)�.� 
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�T�a�b�l�e� �4�.�1�5�.� �L�i�q�u�i�d� �P�h�a�s�e� �'�H� �D�N�P� �E�n�h�a�n�c�e�m�e�n�t� �a�n�d� �R�e�l�a�x�a�t�i�o�n� �D�a�t�a� 

�f�o�r� �0�.�0�2�3� �M� �T�a�x�o�l�/�C�D�C�1�3�;�/�T�E�M�P�O� �(� �3�.�7�0� �x� �1�0�°�M�)� 

� � 

�P�r�o�t�o�n� �P�e�a�k� �T�i�o �� �T�;� �5� �f�f� �s�f� �A�a�r�e� �a� �A�,� �t�t� 

�T�y�p�e� �|� �P�o�s�i�t�i�o�n�;� �(� �S�e�c�.�)� �|� �(�S�e�c�.� �)� 

�(�p�p�m� �)� 
� � 

�1�0�-�O�A�c� �|� �2�.�2�3� �2�.�2�3� �0�.�6�0�2� �0�.�7�3�0� �0�.�3�8�1� �-�0�.�6�5�8� �|� �-�3�3�.�6�+�5�.�0� 
� � � � �4�-�O�A�c� �2�.�3�7� �1�.�3�5� �0�.�3�0�4� �0�.�7�7�5� �0�.�3�8�1� �-�0�.�2�0�4� �|�-�9�.�8�1�+�1�.�4�7� � � � � � � � � � � � � � � � � � � 

� � 

�N�o�t�e�:� 

�(�a�)� �E�x�h�a�u�s�t�e�d� �m�e�t�h�o�d� �w�a�s� �u�s�e�d� �t�o� �c�a�l�c�u�l�a�t�e� �t�h�e� �D�N�P� �u�l�t�i�m�a�t�e� �e�n�h�a�n�c�e�m�e�n�t�s� 

�(�b�)� �T�,� �a�n�d� �T�i�o� �a�r�e� �t�h�e� �s�p�i�n�-�l�a�t�t�i�c�e� �r�e�l�a�x�a�t�i�o�n� �t�i�m�e�s� �o�f� �t�h�e� �p�r�o�t�o�n� �n�u�c�l�e�i� �w�i�t�h� �a�n�d� �w�i�t�h�o�u�t� 
�T�E�M�P�O� �i�n� �t�h�e� �s�a�m�p�l�e� �s�o�l�u�t�i�o�n�,� �r�e�s�p�e�c�t�i�v�e�l�y�.� 

�(�c�)� �T�h�e� �l�e�a�k�a�g�e� �f�a�c�t�o�r� �f� �w�a�s� �c�a�l�c�u�l�a�t�e�d� �b�a�s�e�d� �o�n� �T�;� �m�e�a�s�u�r�e�m�e�n�t�s� �a�t� �4�.�7� �T� �m�a�g�n�e�t�i�c� �f�i�e�l�d�.� 

�(�d�)� �T�h�e� �s�a�t�u�r�a�t�i�o�n� �f�a�c�t�o�r� �w�a�s� �o�b�t�a�i�n�e�d� �f�r�o�m� �t�h�e� �'�H� �D�N�P� �p�o�w�e�r� �p�l�o�t�.� 

�(�e�)� �T�h�e� �0�.�3�3� �T� �'�"� �D�N�P� �e�n�h�a�n�c�e�m�e�n�t�s� �w�e�r�e� �m�o�n�i�t�o�r�e�d� �a�t� �4�.�7� �T�.� �A�l�l� �d�a�t�a� �w�a�s� �o�b�t�a�i�n�e�d� �a�t� 
�r�o�o�m� �t�e�m�p�e�r�a�t�u�r�e�.� 

�(�f�)� �T�h�e� �u�l�t�i�m�a�t�e� �'�3�C� �D�N�P� �e�n�h�a�n�c�e�m�e�n�t� �A�.� �i�s� �t�h�e� �v�a�l�u�e� �o�f� �o�n�e� �m�e�a�s�u�r�e�m�e�n�t�.� �T�h�e� 
�e�s�t�i�m�a�t�e�d� �r�e�l�a�t�i�v�e� �s�t�a�n�d�a�r�d� �d�e�v�i�a�t�i�o�n� �f�o�r� �A�.� �i�s� �a�b�o�u�t� �1�5�%�.� 
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�4�.�4�.�3� �A� �°�C� �D�N�P� �S�t�u�d�y� �o�f� �S�k�e�l�e�t�o�n� �C�a�r�b�o�n� �S�i�t�e�s� �o�f� �T�a�x�o�l� �i�n� �t�h�e� 

�T�E�M�P�O�/�C�h�l�o�r�o�f�o�r�m� �S�o�l�u�t�i�o�n� 

�D�u�e� �t�o� �t�h�e� �l�o�w� �s�e�n�s�i�t�i�v�i�t�y� �o�f� �t�h�e� �'�°�C� �s�t�a�t�i�c� �N�M�R� �o�f� �T�a�x�o�l� �o�n� �t�h�e� �f�l�o�w� �t�r�a�n�s�f�e�r� 

�s�y�s�t�e�m�,� �o�n�l�y� �t�h�e�  ��°�C� �D�N�P� �s�p�e�c�t�r�u�m� �w�a�s� �o�b�t�a�i�n�e�d�.� �F�o�r� �t�h�i�s� �r�e�a�s�o�n�,� �t�h�e� �u�l�t�i�m�a�t�e� �1�3�C� �D�N�P� 

�e�n�h�a�n�c�e�m�e�n�t� �c�o�u�l�d� �n�o�t� �b�e� �c�a�l�c�u�l�a�t�e�d�.� �O�n�l�y� �a� �q�u�a�l�i�t�a�t�i�v�e� �d�i�s�c�u�s�s�i�o�n� �w�a�s� �g�i�v�e�n� �i�n� �t�h�i�s� 

�s�t�u�d�y�.� �T�h�e� �d�i�p�o�l�a�r� �d�o�m�i�n�a�t�e�d� �'�*�C� �D�N�P� �e�n�h�a�n�c�e�m�e�n�t�s� �c�a�n� �b�e� �u�s�e�d� �t�o� �e�v�a�l�u�a�t�e� �t�h�e� 

�i�n�t�e�r�a�c�t�i�o�n� �d�i�s�t�a�n�c�e� �b�e�t�w�e�e�n� �t�h�e� �r�e�c�e�p�t�o�r� �c�a�r�b�o�n� �n�u�c�l�e�i� �a�n�d� �t�h�e� �f�r�e�e� �r�a�d�i�c�a�l� �p�r�o�b�e� �a�s� �l�o�n�g� 

�a�s� �t�h�e�r�e� �i�s� �n�o� �o�r�,� �o�n�l�y� �a� �s�m�a�l�l� �a�m�o�u�n�t� �o�f� �s�c�a�l�a�r� �c�o�n�t�r�i�b�u�t�i�o�n� �a�m�o�n�g� �t�h�e� �e�n�h�a�n�c�e�m�e�n�t�s� �a�t� 

�t�h�e� �r�e�c�e�p�t�o�r� �n�u�c�l�e�i�.� �T�h�e� �m�o�s�t� �f�a�v�o�r�a�b�l�e� �s�i�t�u�a�t�i�o�n� �i�s� �t�h�e� �d�i�p�o�l�a�r� �d�o�m�i�n�a�t�e�d�  ��°�C� �D�N�P� 

�e�n�h�a�n�c�e�m�e�n�t� �a�t� �t�h�e� �c�a�r�b�o�n� �n�u�c�l�e�i� �o�f� �h�y�d�r�o�c�a�r�b�o�n� �g�r�o�u�p�s� �w�h�i�c�h� �a�r�e� �n�o�t� �a�d�j�a�c�e�n�t� �t�o� �a�n�y� 

�e�l�e�c�t�r�o�n� �w�i�t�h�d�r�a�w�i�n�g� �o�r� �r�e�s�o�n�a�n�c�e� �s�t�r�u�c�t�u�r�e� �i�n�d�u�c�i�n�g� �f�u�n�c�t�i�o�n�a�l� �g�r�o�u�p�s�,� �o�t�h�e�r�w�i�s�e�,� �a� 

�l�a�r�g�e� �s�c�a�l�a�r� �c�o�n�t�r�i�b�u�t�i�o�n� �o�r� �e�v�e�n� �a� �s�c�a�l�a�r� �d�o�m�i�n�a�n�c�e� �w�i�l�l� �b�e� �o�b�s�e�r�v�e�d� �a�t� �t�h�e� �r�e�c�e�p�t�o�r� 

�n�u�c�l�e�i�,� �a�n�d� �t�h�e� �D�N�P� �e�n�h�a�n�c�e�m�e�n�t�s� �m�a�y� �n�o�t� �b�e� �u�n�i�q�u�e�l�y� �c�o�r�r�e�l�a�t�e�d� �t�o� �t�h�e� �i�n�t�e�r�a�c�t�i�o�n� 

�d�i�s�t�a�n�c�e�.� �T�h�e�r�e�f�o�r�e�,� �t�h�e� �m�o�s�t� �r�e�l�i�a�b�l�e� �c�o�m�p�a�r�i�s�o�n� �o�f� �t�h�e� �a�c�c�e�s�s�i�b�i�l�i�t�y� �o�f� �t�h�e� �s�k�e�l�e�t�o�n� �s�i�t�e�s� 

�a�n�d� �t�h�e� �s�i�d�e� �g�r�o�u�p�s� �o�n� �t�h�e� �r�i�n�g�s� �o�f� �T�a�x�o�l� �w�i�l�l� �b�e� �a�m�o�n�g� �t�h�e� �h�y�d�r�o�c�a�r�b�o�n� �g�r�o�u�p�s� �w�h�i�c�h� 

�a�r�e� �i�s�o�l�a�t�e�d� �f�r�o�m� �t�h�e� �s�c�a�l�a�r� �c�o�u�p�l�i�n�g� �i�n�d�u�c�i�n�g� �e�n�v�i�r�o�n�m�e�n�t�s�.� �T�h�e�s�e� �c�a�r�b�o�n� �n�u�c�l�e�i� �a�r�e� �a�s� 

�f�o�l�l�o�w�s�:� �C�-�6�,� �C�-�3�,� �C�-�1�4�,� �C�-�1�6�,� �C�-�1�7�,� �C�-�1�5�,� �C�-�1�9�,� �C�-�8�,� �C�-�1�8�,� �C�-�1�1� �(�s�i�g�n�a�l� �o�v�e�r�l�a�p�p�e�d�)�,� 

�a�n�d� �C�-�1�2� �(�F�i�g�u�r�e� �4�.�2�2�)�.� �O�t�h�e�r� �c�a�r�b�o�n� �n�u�c�l�e�i� �a�r�e� �e�i�t�h�e�r� �a�d�j�a�c�e�n�t� �t�o� �t�h�e� �o�x�y�g�e�n�,� �n�i�t�r�o�g�e�n�,� �o�r� 

�t�o� �a� �c�a�r�b�o�n�y�l� �g�r�o�u�p� �w�h�i�c�h� �a�r�e� �f�a�v�o�r�a�b�l�e� �f�o�r� �t�h�e� �s�c�a�l�a�r� �c�o�u�p�l�i�n�g�.� �T�h�e� �c�a�r�b�o�n� �n�u�c�l�e�i� �o�n� �t�h�e� 

�p�h�e�n�y�l� �r�i�n�g� �a�r�e� �n�o�t� �e�v�a�l�u�a�t�e�d� �b�e�c�a�u�s�e� �o�f� �t�h�e� �s�i�g�n�a�l� �o�v�e�r�l�a�p�p�i�n�g�.� �B�y� �e�x�a�m�i�n�i�n�g� �t�h�e� �p�e�a�k� 
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� � 
� � �T�T� �C�T�,� �f�o� �U�E� �E�E� �r�e�r�e� �r�p� �o�r� �r�t� �E�O�F� �e�e� �4�9� 

�2�0�0�.�0�0� �1�8�0�.�0�0� �1�6�0�.�0�0� �1�4�0�.�0�0� �1�2�0�.�0�0� �1�0�0�.�0�0� �8�0�.�0�0� �6�0�.�0�0� �4�0�.�0�0� �2�0�.�0�0� 
�p�p�m� 

�t�a�x�o�l�i�2�/�c�d�e�i�a�R�e�m�p�o�/�c�-�1�3� �d�n�p� 

� � 

�$�4�.�4�2� 

�$�8� �6�8� �5�3�.�0�6� �C�A�s� �2�6�.�1�6� �2�2�.�4� �2�0�.�6�3� �1�4�.�6�4� �9�3�6� 

�4�3�6�4� �C�-� �2�1�.�6�8� �-� �C�3� �1�5� �6�4� �c�i�n� �O�e� �C�1�8� �o�g� 
�C�-�1�4�/�C�-�6� 

�T� �T� �T� �T�T� �T� �~�T� �T� �T� �T� �1� �O�E� �T� �T�T� �T� �p�T� �T� �T� �T�  ��T� �T� �T� �T� �T�  ��T� 

�@�9�.�0�0� �$�0�.�0�0� �4�0�.�0�0� �3�0�.�0�0� �2�0�.�0�0� �1�0�.�0�0� 

�t�a�x�o�l�t�Z�e�/�e�d�e�l�3�A�e�m�p�o�/�e�-�1�3� �d�n�p� 

�F�i�g�u�r�e� �4�.�2�2�.� �L�i�q�u�i�d� �P�h�a�s�e� �'�°�C� �D�N�P� �S�p�e�c�t�r�a� �f�o�r� �0�.�0�4�6� �M� �T�a�x�o�l�/�C�D�C�I�3�/�3�.�7� �x� �1�0�2�M� 

�T�E�M�P�O� �(�7� �m�L�/�m�i�n�,� �1�7�5�,�3�7�1� �s�c�a�n�s�)�.� 
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�h�e�i�g�h�t�s� �a�n�d� �t�h�e� �n�u�m�b�e�r� �o�f� �t�h�e� �c�a�r�b�o�n�s� �c�o�r�r�e�s�p�o�n�d�i�n�g� �t�o� �e�a�c�h� �p�e�a�k�,� �t�h�e� �f�o�l�l�o�w�i�n�g� �r�e�l�a�t�i�v�e� 

�h�e�i�g�h�t� �s�e�q�u�e�n�c�e� �w�a�s� �o�b�t�a�i�n�e�d� �f�r�o�m� �h�i�g�h� �t�o� �l�o�w�:� �C�-�6� �a�n�d�/�o�r� �C�-�1�4� �(�t�h�e� �t�w�o� �s�i�g�n�a�l�s� 

�o�v�e�r�l�a�p�p�e�d�)� �>� �C�-�1�6� �=� �C�-�3� �>� �C�-�1�7� �>� �C�-�1�9� �>� �C�-�1�8� �=� �C�-�8� �=� �C�-�1�5� �>� �C�-�1�2� �>� �C�-�1�1�.� �S�i�n�c�e� �t�h�e� 

�f�l�o�w� �t�r�a�n�s�f�e�r� �t�i�m�e� �(�a�t� �7�m�L�/�m�i�n�,� �~� �0�.�1�7� �s�)� �i�s� �s�h�o�r�t�e�r� �t�h�a�n� �t�h�e� �s�p�i�n�-�l�a�t�t�i�c�e� �r�e�l�a�x�a�t�i�o�n� �t�i�m�e�s� 

�(�T�a�b�l�e� �4�.�1�7�)�,� �t�h�e� �a�b�o�v�e� �p�e�a�k� �h�e�i�g�h�t� �s�e�q�u�e�n�c�e� �c�a�n� �b�e� �r�e�c�o�g�n�i�z�e�d� �a�s� �t�h�e� �r�e�l�a�t�i�v�e� 

�e�n�h�a�n�c�e�m�e�n�t� �s�e�q�u�e�n�c�e�,� �a�n�d� �r�e�f�l�e�c�t�s� �t�h�e� �a�c�c�e�s�s�i�b�i�l�i�t�y� �o�f� �t�h�e�s�e� �c�a�r�b�o�n� �n�u�c�l�e�i�.� �T�h�i�s� �r�e�s�u�l�t� �i�s� 

�a�l�s�o� �c�l�o�s�e�l�y� �c�o�i�n�c�i�d�e�n�t� �w�i�t�h� �t�h�e� �a�c�c�e�p�t�e�d� �T�a�x�o�l� �c�o�n�f�o�r�m�a�t�i�o�n� �a�s� �c�a�n� �b�e� �s�e�e�n� �f�r�o�m� �F�i�g�u�r�e� 

�4�.�2�3�,� �w�h�i�c�h� �i�l�l�u�s�t�r�a�t�e�s� �t�h�e� �i�n�t�e�r�m�o�l�e�c�u�l�a�r� �i�n�t�e�r�a�c�t�i�o�n� �b�e�t�w�e�e�n� �T�a�x�o�l� �a�n�d� �t�h�e� �T�E�M�P�O� �i�n� 

�t�h�e� �l�i�q�u�i�d� �p�h�a�s�e�.� 

�D�u�e� �t�o� �t�h�e� �r�e�s�o�l�u�t�i�o�n� �l�i�m�i�t�a�t�i�o�n� �o�f� �t�h�e� �N�M�R� �s�p�e�c�t�r�o�m�e�t�e�r� �e�m�p�l�o�y�e�d� �i�n� �t�h�i�s� �w�o�r�k�,� 

�t�h�e� �i�m�p�o�r�t�a�n�t� �c�o�n�f�o�r�m�a�t�i�o�n�a�l� �f�e�a�t�u�r�e� �o�f� �t�h�e� �s�i�d�e� �c�h�a�i�n�s� �c�o�n�t�a�i�n�i�n�g� �c�a�r�b�o�n�y�l� �g�r�o�u�p�s� �a�n�d� 

�p�h�e�n�y�l� �g�r�o�u�p�s� �o�n� �t�h�e� �T�a�x�o�l� �r�i�n�g�s� �(�t�h�e� �A�-�r�i�n�g� �s�i�d�e� �c�h�a�i�n�)� �w�a�s� �n�o�t� �c�l�e�a�r�l�y� �r�e�s�o�l�v�e�d�.� �F�u�r�t�h�e�r� 

�i�n�s�t�r�u�m�e�n�t�a�l� �i�m�p�r�o�v�e�m�e�n�t�s� �a�n�d� �r�e�s�e�a�r�c�h� �w�o�r�k� �n�e�e�d� �t�o� �b�e� �d�o�n�e� �i�n� �t�h�i�s� �r�e�s�p�e�c�t�.� 
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�T�a�b�l�e� �4�.�1�6�.� �S�p�i�n�-�l�a�t�t�i�c�e� �R�e�l�a�x�a�t�i�o�n� �R�a�t�e�s� �f�o�r� �S�o�m�e� �o�f� �t�h�e� �C�a�r�b�o�n� �S�i�t�e�s� �o�f� �T�a�x�o�l� �i�n� �t�h�e� 
�S�o�l�u�t�i�o�n� �o�f� �0�.�0�4�5�9� �M� �T�a�x�o�l�/�C�D�C�I�;�/�T�E�M�P�O� �(�3�.�7� �x� �1�0�°� �M�)� 
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�C�a�r�b�o�n� �P�o�s�i�t�i�o�n� �P�e�a�k� �P�o�s�i�t�i�o�n� �(�p�p�m�)� �T�,� �(�S�e�c�o�n�d�)� 
�C�-�1�9� �9�.�0�8� �0�.�4�5�4� 
�C�-�1�8� �1�4�.�4�4� �0�.�8�9�3� 

�C�H�;�-�C�O�O�-�1�0�7� �2�0�.�3�6� �0�.�9�3�1� 
�C�H�;�-�C�O�O�-�4� �2�2�.�1�8� �0�.�8�6�3� 

�C�-�1�7� �2�6�.�3�6� �0�.�6�5�1� 
�C�-�6�/�C�-�1�4 �� �3�5�.�1�6� �0�.�4�5�2� 

�C�-�1�5� �4�2�.�8�0� �1�.�6�0�4� 

�C�-�3� �4�5�.�1�6� �0�.�4�4�5� 

�C�-�8� �5�8�.�1�4� �2�.�3�0�2� 
�C�-�7� �7�1�.�6�6� �0�.�2�7�1� 

�C�-�1�3� �7�1�.�8�5� �0�.�3�8�8� 
�C�-�2� �7�5�.�0�6� �0�.�3�4�3� 

�C�-�1�0� �|� �7�5�.�3�0� �1�.�2�6�5� 
�C�D�C�l�;� �7�6�.�3�3� �1�4�.�3�7� 
�C�D�C�l�;� �7�6�.�9�4� �3�.�1�8�3� 
�C�D�C�l�;� �7�7�.�6�1� �1�0�.�8�2� 

�C�-�4� �8�0�.�6�4� �2�.�6�3�4� 
�C�-�5� �8�3�.�9�1� �0�.�4�1�8� 

�o�-�N�H�C�O�B�z�/� �0�o�-�N�H�C�H�B�z �� �1�2�6�.�6�1� �0�.�7�4�7� 
�o�-�N�H�C�H�B�z�/� �o�-�N�H�C�O�B�z� �1�2�6�.�7�3� �0�.�6�2�5� 

�p�-�N�H�C�O�B�z� �1�2�7�.�8�8� �0�.�5�2�4� 
�m�-�N�H�B�z�/� �m�-�O�C�O�P�h�-�2� �1�2�8�.�2�4� �0�.�5�5�7� 
�m�-�O�C�O�P�h�-�2�/� �m�-�N�H�B�z� �1�2�8�.�5�5� �0�.�7�6�1� 

�o�-�O�C�O�P�h�-�2� �1�2�9�.�7�0� �0�.�3�3�9� 
�o�-�O�C�O�P�h�-�2� �1�2�9�.�9�4� �0�.�4�0�0� 
�p�-�N�H�C�H�B�z� �1�3�1�.�5�2� �0�.�3�9�6� 

�C�-�1�1� �1�3�2�.�6�7� �2�.�8�5�2� 
�p�-�O�C�O�P�h�-�2� �1�3�3�.�2�2� �0�.�6�7�9� 

�C�O�-�N�H�C�O�B�z�/�-�O�C�O�P�h�-�2� �1�6�6�.�5�7� �3�.�4�4�3� 
�C�O�-�O�A�c�-�1�0� �1�7�0�.�7�5� �2�.�7�2�9� 

�C�-�9� �2�0�3�.�1�4� �2�.�1�8�1� � � � � � � � � � � 
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�(�T�a�b�l�e� �4�.�1�6� �C�o�n�t�i�n�u�e�s�)� 

�N�o�t�e�:� 

�a�.� �T�h�e� �h�i�g�h�l�i�g�h�t�e�d� �c�a�r�b�o�n� �i�s� �t�h�e� �o�n�e� �t�h�a�t� �t�h�e� �p�e�a�k� �p�o�s�i�t�i�o�n� �a�n�d� �t�h�e� �T�,� �v�a�l�u�e� �a�r�e� 
�a�s�s�i�g�n�e�d�.� 

�b�.� �T�h�e�s�e� �t�w�o� �p�e�a�k�s� �o�v�e�r�l�a�p�,� �t�h�e� �p�e�a�k� �p�o�s�i�t�i�o�n� �a�n�d� �T� �v�a�l�u�e� �c�a�n� �n�o�t� �b�e� 
�u�n�a�m�b�i�g�u�o�u�s�l�y� �a�s�s�i�g�n�e�d�.� 

�c�.� �T�h�e� �c�a�r�b�o�n� �n�u�c�l�e�u�s� �o�f� �i�n�t�e�r�e�s�t� �i�s� �t�h�e� �c�a�r�b�o�n� �o�f� �b�e�n�z�e�n�e�;� �t�w�o� �s�u�b�s�t�i�t�u�t�e�d� �b�e�n�z�e�n�e� 
�r�i�n�g� �c�a�r�b�o�n�s� �h�a�v�e� �t�h�e� �s�a�m�e� �o�r� �a�l�m�o�s�t� �t�h�e� �s�a�m�e� �p�e�a�k� �p�o�s�i�t�i�o�n� �w�h�i�c�h� �c�a�n� �n�o�t� �b�e� 
�r�e�s�o�l�v�e�d� �b�y� �t�h�e� �N�M�R� �i�n�s�t�r�u�m�e�n�t�.� 
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� � 
�F�i�g�u�r�e� �4�.�2�3�.� �T�a�x�o�l�/�T�E�M�P�O� �M�o�d�e�l� �(�C�i�t�e�d� �f�r�o�m� �R�e�f�.� �2�5�)� �a�n�d� �t�h�e� �M�o�l�e�c�u�l�a�r� �S�t�r�u�c�t�u�r�e� 

�o�f� �T�a�x�o�l� 
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�4�.�5� �°�C� �D�N�P� �S�t�u�d�i�e�s� �o�f� �A�d�a�m�a�n�t�a�n�e� �a�n�d� �F�u�l�l�e�r�e�n�e� �C�r�o� �i�n� �T�E�M�P�O�/�B�e�n�z�e�n�e� 

�S�o�l�u�t�i�o�n�s� 

�4�.�5�.�1� �I�n�t�r�o�d�u�c�t�i�o�n� 

�A�d�a�m�a�n�t�a�n�e� �a�s� �a� �s�t�a�n�d�a�r�d� �r�e�f�e�r�e�n�c�e� �m�a�t�e�r�i�a�l� �f�o�r� �s�o�l�i�d� �s�t�a�t�e� �N�M�R� �h�a�s� �b�e�e�n� �w�e�l�l� 

�c�h�a�r�a�c�t�e�r�i�z�e�d� �b�y� �N�M�R� �t�e�c�h�n�i�q�u�e�s�. � ��' ��'� �S�o�l�u�t�i�o�n� �N�M�R� �s�t�u�d�i�e�s� �o�f� �t�h�i�s� �m�o�l�e�c�u�l�e� �h�a�v�e� 

�s�h�o�w�n� �t�h�a�t� �t�h�e� �N�O�E� �e�f�f�e�c�t� �a�t� �C�-�1�,� �w�h�i�c�h� �h�a�s� �o�n�e� �a�t�t�a�c�h�e�d� �p�r�o�t�o�n�,� �i�s� �t�h�e� �s�a�m�e� �a�s� �t�h�a�t� �a�t� �C�-� 

�2� �w�i�t�h� �t�w�o� �p�r�o�t�o�n�s� �o�n� �i�t�.�'�®�!� �T�h�i�s� �r�e�s�u�l�t� �i�n�d�i�c�a�t�e�d� �t�h�a�t� �t�h�e� �N�O�E� �e�f�f�e�c�t� �i�s� �i�n�d�e�p�e�n�d�e�n�t� �o�f� �t�h�e� 

�n�u�m�b�e�r� �o�f� �t�h�e� �p�r�o�t�o�n�s� �a�t�t�a�c�h�e�d� �t�o� �t�h�e� �c�a�r�b�o�n� �a�t�o�m�s� �o�f� �i�n�t�e�r�e�s�t� �a�n�d� �t�h�a�t� �t�h�e� �c�o�r�r�e�l�a�t�i�o�n� 

�t�i�m�e�s� �f�o�r� �t�h�e� �t�w�o� �d�i�f�f�e�r�e�n�t� �c�a�r�b�o�n� �s�i�t�e�s� �a�r�e� �t�h�e� �s�a�m�e�.� �U�p� �t�o� �t�h�i�s� �d�a�t�e�,� �n�o� �'�°�C� �D�N�P� �s�t�u�d�y� �o�f� 

�t�h�i�s� �c�o�m�p�o�u�n�d� �h�a�s� �b�e�e�n� �d�o�n�e� �t�o� �r�e�v�e�a�l� �t�h�e� �d�i�f�f�e�r�e�n�c�e� �o�f� �t�h�e� �c�o�r�r�e�l�a�t�i�o�n� �t�i�m�e�s� �a�t� �t�h�e� �t�w�o� 

�d�i�f�f�e�r�e�n�t� �c�a�r�b�o�n� �s�i�t�e�s�.� �I�n� �t�h�i�s� �w�o�r�k�,� �t�h�e� �°�C� �D�N�P� �e�x�p�e�r�i�m�e�n�t� �w�a�s� �p�e�r�f�o�r�m�e�d� �o�n� 

�a�d�a�m�a�n�t�a�n�e� �t�o� �c�o�m�p�a�r�e� �t�h�e� �D�N�P� �e�n�h�a�n�c�e�m�e�n�t�s� �a�t� �t�h�e� �t�w�o� �d�i�f�f�e�r�e�n�t� �c�a�r�b�o�n� �s�i�t�e�s�.� �S�i�n�c�e� 

�t�h�e� �f�r�e�e� �r�a�d�i�c�a�l� �c�o�n�c�e�n�t�r�a�t�i�o�n� �f�o�r� �t�h�e� �a�d�a�m�a�t�a�n�e�/�T�E�M�P�O� �s�y�s�t�e�m� �i�s� �h�i�g�h� �e�n�o�u�g�h� �(�0�.�1� �M� 

�T�E�M�P�O�)� �t�o� �e�l�i�m�i�n�a�t�e� �t�h�e� �t�h�r�e�e�-�s�p�i�n� �e�f�f�e�c�t�,� �t�h�e� �o�b�s�e�r�v�e�d� �'�°�C� �D�N�P� �e�n�h�a�n�c�e�m�e�n�t�s� �f�o�r� �t�h�e� 

�t�w�o� �d�i�f�f�e�r�e�n�t� �c�a�r�b�o�n�s� �o�f� �a�d�a�m�a�n�t�a�n�e� �c�a�n� �b�e� �r�e�l�a�t�e�d� �t�o� �t�h�e� �c�o�r�r�e�l�a�t�i�o�n� �t�i�m�e�s� �a�t� �t�h�e�s�e� 

�c�a�r�b�o�n� �s�i�t�e�s�.� 

�'�3�C� �D�N�P� �i�n�v�e�s�t�i�g�a�t�i�o�n� �o�f� �f�u�l�l�e�r�e�n�e� �C�e�o� �h�a�s� �b�e�e�n� �p�u�b�l�i�s�h�e�d�.�*�!� �I�t� �w�a�s� �f�o�u�n�d� �t�h�a�t� �t�h�e� 

�i�n�t�e�r�a�c�t�i�o�n� �o�f� �t�h�i�s� �m�o�l�e�c�u�l�e� �w�i�t�h� �t�h�e� �f�r�e�e� �r�a�d�i�c�a�l� �i�s� �d�i�p�o�l�a�r� �d�o�m�i�n�a�t�e�d� �w�i�t�h� �l�i�t�t�l�e� �t�e�n�d�e�n�c�y� 
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�t�o� �f�o�r�m� �a� �s�c�a�l�a�r� �i�n�t�e�r�a�c�t�i�o�n�.� �T�h�e� �N�M�R� �c�o�n�t�a�c�t� �s�h�i�f�t� �e�x�p�e�r�i�m�e�n�t� �f�u�r�t�h�e�r� �c�o�n�f�i�r�m�e�d� �t�h�e� 

�n�e�g�l�i�g�i�b�l�e� �c�o�m�p�o�n�e�n�t� �o�f� �t�h�e� �s�c�a�l�a�r� �i�n�t�e�r�a�c�t�i�o�n�.� �T�h�e� �s�h�o�r�t� �c�o�r�r�e�l�a�t�i�o�n� �t�i�m�e� �(�~� �1�0�°�'�!� �s�e�c�.�)� �o�f� 

�C�é�o� �m�o�l�e�c�u�l�e�s� �i�n� �s�o�l�u�t�i�o�n� �w�a�s� �a�l�s�o� �c�h�a�r�a�c�t�e�r�i�z�e�d� �b�y� �t�h�e� �'�?�C� �D�N�P� �e�x�p�e�r�i�m�e�n�t�.� 

�C�7�9� �a�s� �t�h�e� �s�e�c�o�n�d� �s�i�m�p�l�e�s�t� �i�s�o�l�a�t�e�d� �f�u�l�l�e�r�e�n�e� �m�o�l�e�c�u�l�e� �h�a�s� �b�e�e�n� �w�e�l�l� �c�h�a�r�a�c�t�e�r�i�z�e�d� 

�b�y� �N�M�R�,� �|�! �� �b�u�t� �n�o� �D�N�P� �r�e�s�u�l�t�s� �h�a�v�e� �b�e�e�n� �r�e�p�o�r�t�e�d�.� �I�n� �t�h�i�s� �w�o�r�k�,� �a� �l�i�q�u�i�d� �p�h�a�s�e� �'�°�C� 

�D�N�P� �s�t�u�d�y� �o�f� �C�7�9� �w�a�s� �c�a�r�r�i�e�d� �o�u�t� �f�o�r� �t�h�e� �p�u�r�p�o�s�e� �o�f� �r�e�v�e�a�l�i�n�g� �t�h�e� �s�t�r�u�c�t�u�r�a�l� �a�n�d� �t�h�e� 

�d�y�n�a�m�i�c� �f�e�a�t�u�r�e� �o�f� �t�h�i�s� �m�o�l�e�c�u�l�e� �p�r�o�b�e�d� �b�y� �t�h�e� �f�r�e�e� �r�a�d�i�c�a�l�.� 

�4�.�5�.�2� �A� �°�C� �D�N�P� �S�t�u�d�y� �o�f� �A�d�a�m�a�n�t�a�n�e� �i�n� �t�h�e� �T�E�M�P�O�/�B�e�n�z�e�n�e� �S�o�l�u�t�i�o�n� 

�T�h�e� �'�°�C� �D�N�P� �r�e�s�u�l�t� �o�f� �a�d�a�m�a�n�t�a�n�e� �i�s� �s�h�o�w�n� �i�n� �F� �i�g�u�r�e� �4�.�2�4� �a�n�d� �T�a�b�l�e� �4�.�1�7�.� �I�t� �c�a�n� 

�b�e� �s�e�e�n� �f�r�o�m� �t�h�e� �D�N�P� �d�a�t�a� �t�h�a�t� �t�h�e� �e�n�h�a�n�c�e�m�e�n�t�s� �f�o�r� �C�-�1� �a�n�d� �C�-�2� �a�r�e� �v�e�r�y� �c�l�o�s�e� �a�n�d� �t�h�a�t� 

�t�h�e� �c�o�r�r�e�s�p�o�n�d�i�n�g� �T�,� �v�a�l�u�e�s� �a�r�e� �d�i�f�f�e�r�e�n�t� �b�y� �a�b�o�u�t� �a� �f�a�c�t�o�r� �o�f� �t�w�o�.� �T�h�i�s� �m�e�a�n�s� �t�h�a�t� �i�n� �t�h�e� 

�'�3�C� �D�N�P� �e�x�p�e�r�i�m�e�n�t� �o�f� �a�d�a�m�a�n�t�a�n�e�,� �t�h�e� �r�e�l�a�x�a�t�i�o�n� �o�f� �t�h�e� �t�w�o� �d�i�f�f�e�r�e�n�t� �c�a�r�b�o�n� �n�u�c�l�e�i� �i�s� 

�i�n�d�u�c�e�d� �b�y� �t�h�e� �d�i�r�e�c�t� �c�o�u�p�l�i�n�g� �w�i�t�h� �t�h�e� �n�i�t�r�o�x�i�d�e� �f�r�e�e� �r�a�d�i�c�a�l� �(�v�e�r�y� �s�m�a�l�l� �c�o�n�t�r�i�b�u�t�i�o�n� 

�f�r�o�m� �t�h�e� �a�t�t�a�c�h�e�d� �p�r�o�t�o�n�s�)� �a�n�d� �t�h�a�t� �t�h�e� �c�o�r�r�e�l�a�t�i�o�n� �t�i�m�e� �i�s� �t�h�e� �s�a�m�e� �a�t� �t�h�e� �t�w�o� �d�i�f�f�e�r�e�n�t� 

�c�a�r�b�o�n� �s�i�t�e�s�.� �T�h�i�s� �r�e�s�u�l�t� �i�s� �i�n� �g�o�o�d� �a�g�r�e�e�m�e�n�t� �w�i�t�h� �t�h�e� �N�O�E� �r�e�s�u�l�t� �o�f� �a�d�a�m�a�n�t�a�n�e�.� �T�h�i�s� �i�s� 

�a�l�s�o� �a�n� �i�n�d�i�r�e�c�t� �e�v�i�d�e�n�c�e� �t�h�a�t� �t�h�e� �t�h�r�e�e� �s�p�i�n� �e�f�f�e�c�t� �i�s� �n�e�g�l�i�g�i�b�l�e� �a�t� �h�i�g�h� �f�r�e�e� �r�a�d�i�c�a�l� 

�c�o�n�c�e�n�t�r�a�t�i�o�n�.� 
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�(�g�)� �T�h�e� �u�l�t�i�m�a�t�e� �'�3�C� �D�N�P� �e�n�h�a�n�c�e�m�e�n�t� �A�.� �i�s� �a�n� �a�v�e�r�a�g�e� �v�a�l�u�e� �o�f� �f�o�u�r� �m�e�a�s�u�r�e�m�e�n�t�s� �a�t� 
�d�i�f�f�e�r�e�n�t� �p�o�w�e�r� �l�e�v�e�l�s�.� �T�h�e� �e�s�t�i�m�a�t�e�d� �r�e�l�a�t�i�v�e� �s�t�a�n�d�a�r�d� �d�e�v�i�a�t�i�o�n� �f�o�r� �A�.�.� �i�s� �a�b�o�u�t� 
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�r�a�d�i�c�a�l� �i�s� �d�i�p�o�l�a�r� �d�o�m�i�n�a�t�e�d� �a�s� �s�h�o�w�n� �i�n� �F�i�g�u�r�e� �4�.�2�5� �a�n�d� �T�a�b�l�e� �4�.�1�8�.� �T�h�e� �D�N�P� �d�a�t�a� 

�s�h�o�w�n� �i�n� �T�a�b�l�e� �4�.�1�8� �i�n�d�i�c�a�t�e� �t�h�a�t� �t�h�e� �c�a�r�b�o�n�s� �a�t� �t�h�e� �p�o�l�a�r� �p�o�s�i�t�i�o�n�s� �o�f� �t�h�i�s� �m�o�l�e�c�u�l�e� �(�i�.�e�.� 

�C�-�a�,� �C�-�b�)� �e�x�h�i�b�i�t� �l�a�r�g�e�r� �d�i�p�o�l�a�r� �e�n�h�a�n�c�e�m�e�n�t�s� �t�h�a�n� �t�h�o�s�e� �a�t� �t�h�e� �e�q�u�a�t�o�r�i�a�l� �p�o�s�i�t�i�o�n�s� �(�i�.�e�.� 

�C�-�d�,� �C�-�e�)�,� �a�n�d� �f�r�o�m� �t�h�e� �p�o�l�e�s� �t�o� �t�h�e� �e�q�u�a�t�o�r�i�a�l�,� �t�h�e� �e�n�h�a�n�c�e�m�e�n�t�s� �d�e�c�r�e�a�s�e� �g�r�a�d�u�a�l�l�y�.� �A�n� 

�N�M�R� �c�o�n�t�a�c�t� �s�h�i�f�t� �e�x�p�e�r�i�m�e�n�t� �f�o�r� �t�h�e� �C�7�o�/�T�E�M�P�O� �s�y�s�t�e�m� �(�T�a�b�l�e� �4�.�1�9�)� �i�n�d�i�c�a�t�e�s� �t�h�a�t� �t�h�e� 

�s�c�a�l�a�r� �c�o�n�t�r�i�b�u�t�i�o�n� �t�o� �e�n�h�a�n�c�e�m�e�n�t�s� �i�s� �v�e�r�y� �s�m�a�l�l� �a�n�d� �n�e�g�l�i�g�i�b�l�e�.� �T�h�e�r�e�f�o�r�e�,� �t�h�e� �o�b�s�e�r�v�e�d� 

�e�n�h�a�n�c�e�m�e�n�t� �t�r�e�n�d� �c�a�n� �b�e� �r�e�c�o�g�n�i�z�e�d� �a�s� �t�h�e� �i�n�t�e�n�s�i�t�y� �t�r�e�n�d� �o�f� �t�h�e� �d�i�p�o�l�a�r� �i�n�t�e�r�a�c�t�i�o�n�.� 

�A� �p�r�e�v�i�o�u�s� �t�h�e�o�r�e�t�i�c�a�l� �c�a�l�c�u�l�a�t�i�o�n� �o�n� �t�h�e� �C�7�)� �m�o�l�e�c�u�l�e� �h�a�s� �s�h�o�w�n� �t�h�a�t� �t�h�e� �p�o�l�a�r� 

�c�a�r�b�o�n� �a�t�o�m�s� �e�x�p�e�r�i�e�n�c�e� �l�a�r�g�e�r� �a�n�g�l�e� �s�t�r�a�i�n� �t�h�a�n� �t�h�o�s�e� �a�t� �t�h�e� �e�q�u�a�t�o�r�i�a�l� �s�i�t�e�s� �(�T�a�b�l�e� �4�.�1�9�,� 

�F�i�g�u�r�e� �4�.�2�6�)�,� �a�n�d� �t�h�a�t� �t�h�e� �p�o�l�a�r� �c�a�r�b�o�n�s� �a�r�e� �m�o�r�e� �e�x�p�o�s�e�d� �t�o� �t�h�e� �o�u�t�s�i�d�e� �t�h�a�n� �t�h�e� 

�e�q�u�a�t�o�r�i�a�l� �c�a�r�b�o�n�s�.�'� �T�h�i�s� �g�e�o�m�e�t�r�i�c� �f�e�a�t�u�r�e� �s�u�g�g�e�s�t�s� �t�h�a�t� �t�h�e� �p�o�l�a�r� �c�a�r�b�o�n�s� �a�r�e� �m�o�r�e� 
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�e�t� �a�l�.�.�"�!� �T�h�e� �u�l�t�i�m�a�t�e� �'�*�C� �D�N�P� �e�n�h�a�n�c�e�m�e�n�t�s� �f�o�r� �C�6�o� �a�n�d� �C�6�D�e�g� �w�e�r�e� �-�2�5�0�+�2�0� �a�n�d� 

�2�0�0�+�2�0�,� �r�e�s�p�e�c�t�i�v�e�l�y�.� �T�h�e� �a�v�e�r�a�g�e� �m�o�l�a�r� �N�M�R� �c�o�n�t�a�c�t� �s�h�i�f�t� �f�o�r� �C�e�o� �w�a�s� �v�e�r�y� �s�m�a�l�l� �e�v�e�n� 
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