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ARTICLE INFO ABSTRACT

Hypothesis: Radial capillary flow in evaporating droplets carry suspended nanoparticles to its periphery where
they are deposited and form a coffee-ring. Rod-like nanoparticles seeking to minimize their capillary energy will
align with their long-axis parallel to the contact line. Particles exhibiting electrostatic repulsion, such as cellu-
lose nanocrystals (CNCs), establish a competition between capillary flow-induced impingement against a growing
coffee-ring and entropic minimization leading to enhanced particle mobility. Therefore, balancing these effects
by manipulating the local particle concentration in drying droplets should result in deposition with a controlled
orientation of CNCs.

Experiments: The dynamic local order in aqueous suspensions of CNCs in evaporating sessile droplets was in-
vestigated through time-resolved polarized light microscopy. The spatial distribution of alignment in deposited
CNCs was explored as a function of nanoparticle concentration, droplet volume, initial degree of anisotropy, and
Radial alignment éubstrfite hydrophobicity. Computational an.alysis of ﬂ:le rotational Péclet number during evaporation was also
Tangential alignment investigated to evaluate any effects of shear-induced alignment.

PLM Findings: Multiple modes of orientation were identified suggesting local control over CNC orientation and subse-
quent properties can be attained via droplet-based patterning methods. Specifically, high local particle concen-
trations led to tangential alignment and lower local particle concentrations resulted in new evidence for radial
alignment near the center of dried droplets.
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1. Introduction

Droplets of colloidal suspensions that dry on non-absorbing, solid
surfaces are ubiquitous phenomena. Coffee stains on table surfaces and
water stains on kitchen and bathroom fixtures are two familiar exam-
ples of the ensuing particle deposits. Accordingly, evaporating sessile
droplets commonly exhibit radial flow within the droplet while drying
which carry suspended particles to the edge of the droplet [1-3]. Nu-
merous investigations have sought to prevent the formation of these
toroidal deposits, or “coffee-rings”, in the pursuit of producing uniform
films. These studies modify the solvent evaporation rate [4], induce
Marangoni convection [5,6], suppress flow through gelation [7,8], or
control the substrate’s surface energy [2,3] to suppress outward cap-
illary flow. While these technologies are interesting, there has been
minimal exploration of the benefits of non-uniform directed deposition
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methods, especially involving anisotropic nanomaterials. Anti-counter-
feit coatings and patterning of nanoscale structures are excellent exam-
ples of technologies that rely on spatially non-uniform directed deposi-
tion methods and can exploit the complex fluid dynamic profiles devel-
oped in drying droplets [9-12].

Such technologies can further be developed through the use of opti-
cally and mechanically anisotropic materials such as cellulose nanocrys-
tals (CNCs) which are rod-shaped nanoparticles that tend to organize
into ordered liquid crystalline phases [13-16]. In these materials, the
cellulose backbone is oriented parallel to the long-axis of the rod lead-
ing to birefringence and anisotropic mechanical properties [17]. Con-
trol over CNC orientation drives their performance as photonic crys-
tals or smart nanomaterials, which is governed by the complex relation-
ship between fluid transport, contact line dynamics, and interparticle
interactions. To this end, evaporation-induced alignment is presented
as a low energy alternative to orient CNCs and other rod shaped parti-
cles compared to conventional methods that apply magnetic [18-20],
shear forces [21-23], electrospraying [24], or gas flow induced align-
ment [25]. In 2009, we were the first to report the coffee-ring ef-
fect for cellulose nanocrystal suspensions [26]. Mashkour et al. re-
cently demonstrated excellent control over patterned structures of CNCs
using contact line motion in evaporating CNC suspensions to im-
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part alignment through a surface tension torque [12,27]. Our work sup-
ports Mashkour’s invocation of the surface tension torque’s role in evap-
oration-based particle orientation and provides further insight into alter-
native orientation states that can be achieved through similar methods.
Here, we investigate the relative impact of flow-induced orientation
compared to orientation governed by interparticle interactions and con-
tact line motion. Computational fluid dynamic simulations were per-
formed to analyze the rotational Péclet number which expresses the rel-
ative contribution of Brownian motion and shear forces on suspended
particle alignment. Further, we identified conditions leading to the de-
velopment of tangential and radial alignment through time-resolved po-
larized light microscopy (PLM). Additionally, an intermediate orien-
tation phase in evaporating droplet suspensions of CNCs was discov-
ered, suggesting complex boundary interactions are present that depend
strongly on the local particle concentration. Finally, the insight gained
here can guide strategies to obtain tunable particle orientation patterns.

2. Materials and methods
2.1. Cellulose nanocrystal preparation

CNCs were purchased from The University of Maine Process Develop-
ment Center (Lot # 2018-FPL-CNC-126) as a concentrated gel, 10.3 wt%
solids and 1.1 wt% Sulfur on dry CNC Sodium form. CNCs were diluted
to 0.1 — 3.9 wt% with deionized water and stirred at 600 rpm for 30 min
followed by an additional 30 min bath sonication (Branson 5800 using
the high power setting). Prior to droplet casting, CNC suspensions were
bath sonicated for 10 min.

2.2. Cleaning of glass substrates and sample preparation

A 1 wt% aqueous solution of Alconox detergent powder (Alconox
Inc.) in deionized water (Millipore Direct-Q 3 UV, 18.2 MQ-cm) was pre-
pared for cleaning glass slides. The solution was degassed in an ultra-
sonic bath (Branson 3510 Ultrasonic Cleaner) for 30 min at 45 °C. Glass
microscope slides (Thermo Scientific), measuring 75 mm X 25 mm,
were then submerged into the cleaning solution and subjected to bath
sonication for 10 min at 45 °C. The treatment was followed by an ad-
ditional ultrasonic treatment and rinsing with deionized water. Finally,
the cleaned glass slides were dried under nitrogen flow and cut with
a diamond-tipped glass cutter into 37.5 mm X 25 mm pieces. Rain-X
cleaned slides were prepared following the manufacturer’s instructions.
Accordingly, slides were rinsed in DI water and subsequently wiped with
Kim wipe until dry, Rain-X was sprayed on another Kim wipe and was
used to thoroughly wipe the surface of the glass slide. Finally, the slides
were dried once more with a Kim wipe before testing.

Droplets, 0.25 or 0.5 pL, of aqueous CNC suspensions ranging in con-
centration from 0.1 to 3.9 wt% were subsequently placed on cleaned
glass slides loaded on the PLM or in a 50 mm polystyrene Petri dish for
AFM samples. The Petri dishes were covered with polystyrene lids that
were perforated in the center with a hole of approximately 1 mm in di-
ameter, and the droplets was allowed to dry overnight.

2.3. Polarized light microscopy

Polarized light microscopy (PLM) experiments employed a Zeiss Ax-
ioskop 40 A POL, equipped with a 530 nm first-order retardation plate.
The polarizer and analyzer were oriented in east-west and north-south
direction, respectively. The first-order retardation plate was inserted so
that its slow axis was oriented northeast-southwest and its fast axis
northwest-southeast. Images were recorded with a Canon EOS 20D
digital single-lens reflex camera (8.2 megapixels) mounted onto the
microscope. Time-resolved PLM videos were recorded with an Omax
A3518003 digital reflex camera (18 megapixels) with a 0.5x micro-

scope adapter for mounting. Videos, 4x magnification, were initiated im-
mediately before droplets were pipetted on cleaned glass slides. Once
placed, the microscope stage was slightly repositioned to ensure capture
of the droplets. Recording was manually terminated after evaporation
was complete.

2.4. Atomic force microscopy

Atomic force microscopy (AFM) was performed with an Asylum Re-
search MFP 3D mounted onto an Olympus IX 71 inverted fluorescence
microscope. For images of CNCs, 100 uL of a 0.001 wt% aqueous sus-
pension of CNCs was spin coated (3000 rpm, 1 min) onto an aqua re-
gia-cleaned glass slide. The sample was scanned in intermittent con-
tact mode in air, using Nanoworld SSS-NCH SuperSharp Silicon probes
(nominal tip radius: 2 nm). Dried droplets were scanned in intermittent
contact mode in air, using Olympus OMCL-AC200TS-R3 probes (nom-
inal tip radius: <10 nm, and nominal spring constant: 9 N m™1) with
512 data points per line as well as 512 lines per scan following the CSA
7Z5100-17 standard [28].

2.5. Finite element analysis

A 2.0 pul, sessile, single-phase water droplet was modeled with the
finite element method in COMSOL Multiphysics®. The system was al-
lowed to evaporate in air at 23.5 °C following Fick’s second law of dif-
fusion in three dimensions. Fluid and heat transport were accounted
for utilizing Cauchy’s momentum equation and the equation of energy
derived from first principles. A deforming mesh captured the change
in volume with time in correspondence with the prescribed evapora-
tion rate. To relate the pure fluid to the suspended media, a concentra-
tion-dependent viscosity correlation, given by Li et al., was implemented
for CNCs to treat the fluid as a continuum [29]. Detailed discussion of
the underlying equations of the model is available in the Supporting
Information (SI). The rotational Péclet numbers were calculated from
the shear rate the likelihood of flow-induced particle orientation.

The simulations were performed using a cluster of Intel® Xeon®
2 X E5-2680v3 @ 2.5 GHz CPUs with 192 cores and 128 GB RAM @
2133 MHz and were completed in 1030 CPU hours (Advanced Research
Computing, Blacksburg, VA).

3. Results and discussion

In previous experiments, we analyzed the evaporation of sessile
droplets of a 0.76 wt% aqueous suspension of CNCs in air after
inkjet-printing onto an untreated glass slide [26]. We observed cof-
fee-ring deposition near the periphery of the droplet which is common
for droplets of colloidal suspensions having a pinned contact line [2,3].
We analyzed the resulting coffee-rings by atomic force microscopy
(AFM), Figure S1, and polarized light microscopy (PLM), Figure S2.
Further investigation on the influence of attractive electrostatic interac-
tions between a positively charged substrate, cleaned with aqua regia,
and negatively charged CNCs showed particle deposition in the center
of the droplet in addition to the coffee-ring [26]. Notably, PLM of these
droplets revealed a Maltese cross interference pattern indicating the de-
posited CNCs developed some degree of anisotropy in the particles com-
prising the coffee-ring.

3.1. Concentration-dependent CNC orientation

To investigate parameters governing the orientation of CNCs
post-evaporation, the spatial alignment of CNCs from evaporated droplet
suspensions was characterized with PLM as a function of initial CNC
concentration and droplet volume. Polarized light microscopy (PLM) is
widely used to characterize the self-assembly of CNCs into liquid crys-
talline phases [6-8,22,30] and therefore was implemented to char-
acterize the particle orientation distribution post-evaporation. Specifi-
cally, PLM with a first order full-wave retardation plate, oriented with
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its slow axis in the northeast-southwest direction, was inserted to iden-
tify the CNC orientation. Accordingly, CNCs observed herein, will show
blue colors when their slow axis, corresponding to both the cellulose
chain direction and the long axis of the crystal [17], aligns in the north-
east-southwest direction [30-32]. Yellow colors indicate the slow axis
of the CNCs are oriented northwest-southeast, parallel to the fast axis
of the wave plate [30-32]. In Figure 1, 0.25 and 0.5 pL droplets of 0.1
— 3.9 wt% (0.07 - 2.7 vol%) CNC suspensions were deposited in tripli-
cate via micropipette on Alconox-cleaned glass slides. Alconox was im-
plemented as the cleaning agent to reduce the effect of electrostatic in-
teractions from the substrate on the resulting particle depositions. The
droplet radius, Fig. 1b, was found to be independent of CNC concentra-
tion due to rapid contact line pinning after the initial spreading of the
droplet during placement. Notably, outside of the 0.1 wt% CNC suspen-
sion, the width of coffee-rings was largely independent of CNC concen-
tration. This suggests the droplet depins from the coffee-ring and may
not maintain its pinned contact line throughout the entirety of evapora-
tion. Likely, the 0.1 wt% CNC suspension deposited the large majority
of is particles at the contact line before depinning resulting in negligible
particle deposition within the droplet’s center.

CNCs in suspension have been observed to form an anisotropic phase
above a critical concentration, 1.8 wt%, supporting information Fig-
ure S3, for the CNCs used in this work [33]. While birefringence
in CNCs is inherent to their crystalline structure, it is not detectable
under PLM at low CNC concentrations due to the resolution limita-
tions of optical microscopy [17]. In stable suspensions, CNC concen-
tration determines the proximity of nanoparticles to one another which
leads to the development of ordered structures that are detectable un-
der PLM after sufficient time for reorganization and phase separation
[15,16,33]. Here, birefringence from dried sessile droplets of CNC sus-
pensions is observed even when the initial concentration is below the
critical anisotropic phase transition concentration. This suggests CNCs
are concentrated as they are entrained to the contact line such that or-
dered structures can be resolved under PLM. CNC confinement against
the contact line likely results in the development of an anisotropic
phase which is oriented parallel to the edge of the droplet as illus-
trated in Fig. 1. Finally, we expect the local CNC concentration in
the deposit to be greater than or equal to the anisotropic phase tran-
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sition concentration as these particles are kinetically limited in their
ability to reorganize after deposition as compared to CNC suspensions
which equilibrate to thermodynamically stable liquid crystalline order
[34].

3.2. Time-dependent CNC orientation

Time-resolved PLM, supporting information: Droplet Evaporation
Video 1, during evaporation confirms the maximal coffee-ring width as
a result of the contact line depinning. Evaporation of droplets of CNCs
suspensions on Alconox-cleaned glass thus proceed in a bimodal fashion.
Initially, the contact line is pinned until remaining suspended particle
concentration has dropped below a threshold to continue pinning the
droplet [35,36]. After depinning, the contact line recedes until evapo-
ration is complete and the remaining suspended particles are deposited
within the central region of the droplet.

Crucially, the switch to a dynamic contact line mid-evaporation leads
to a change in the orientation of deposited CNCs within the center of the
droplet as observed in snapshots of time-resolved PLM, supporting in-
formation: Droplet Evaporation Video 1 and Fig. 2. Radially oriented
CNCs near the contact line are initially observed, in Fig. 2a, as a result
of the droplet wetting the surface of the glass slide immediately follow-
ing its placement. As PLM effectively represents a thickness-averaged
orientation map and cannot resolve individual CNCs, it is understood
that the orientation reported herein may vary throughout the deposit
thickness. Ultimately, the bulk of CNCs at the indicated locations are ex-
pected to exhibit the reported orientation measured via PLM. Droplets
deposited on Alconox-cleaned glass typically develop a pinned contact
line after placement and do not tend to wet in this manner which may
have occurred as a result of chemical inhomogeneities on the glass sur-
face after cleaning. Thus, an initial CNC orientation parallel to the con-
tact line was detected in the majority of droplets deposited in this work.

After the formation of the coffee-ring, Fig. 2b illustrates a change
in CNC orientation after the onset of depinning is identified. Accord-
ingly, CNCs can be seen ordering radially prior to deposition and near
the receding contact line, highlighted by the shift in color patterns at
the interior of the coffee ring and pointed out by blue and yellow ar-
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Fig. 1. a) PLM of droplet suspensions of CNCs with initial concentrations ranging from 0.1 to 3.9 wt% with initial volumes of 0.25 uL (top) and 0.5 puL (bottom) viewed with a first order
full wave retardation plate, scale bar = 500 um, b) droplet radius, and c) coffee-ring width as a function of initial CNC concentration and volume.
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Fig. 2. Snapshots of a 0.25 pL droplet of a 2 wt% CNC aqueous suspension evaporating on an Alconox-cleaned glass slide. Time points are observed after intial deposition, a) =10y,
halfway through evaporation, b) 7 = 82.5 s where blue and yellow arrows highlight local changes in orientation, c) after evaporation completes, t = 167 s, and d) close up images of the
center of the final deposits. The bottom images were enhanced to highlight the blue and yellow regions which are indicative of CNC alignment. a-c) Scale bar = 500 um and d) 50 pm.
(For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

rows in Fig. 2b. As the particles are driven to moving boundary, an
intermediate phase develops with elevated viscosity due to the locally
increased CNC concentration [37]. Further, the elevated concentration
increases the relative strength of van der Waals and electrostatic forces
between CNCs which contribute to their alignment [15]. This phenom-
enon illustrates the importance of local particle concentration on the
evolution of the spatial distribution of particle arrangements. Ultimately
once evaporation is complete, these CNCs arrange in coordination with
their tangentially-oriented neighbors in Fig. 2c. As the contact line de-
pins, tangential orientation is observed until evaporation nears comple-
tion at the center of the droplet. Here, we observed deposition of ra-
dially aligned particles at the outer edge of the center that then tan-
gentially align near the center at certain concentrations. While tangen-
tial alignment of CNCs in evaporating droplets has been previously re-
ported [8], this is the first demonstration of radially aligned CNCs fol-
lowing evaporation-induced self-assembly indicating droplet-based de-
position can provide tunable orientation of rod-shaped particles. In this
central region, the radial particle alignment developed near the dynamic
contact line is maintained after evaporation completes. A distinct 90° ro-
tation of CNCs deposited in the center of the droplet can be observed
for initial concentrations greater than 1 wt% as evidenced by alternat-
ing blue and yellow colors progressing radially outward from the droplet
center in Fig. 2c. Finally, the centermost CNCs, illustrated in Fig. 2d,
reverted to a tangential alignment after deposition.

The spatial distribution of aligned CNCs after evaporation may de-
pend on time-dependent variations in local CNC concentration as parti-
cles are removed from the suspension once deposited. The schematic in
Fig. 3 illustrates the evolution of CNC orientation as a function of time
as observed via time-resolved PLM and is clearly highlighted in sup-

b)

a)

porting information: Droplet Evaporation Video 1. The surface ten-
sion torque [12,27], generated through the desire for CNCs to min-
imize the capillary energy [38,39], acting to rotate CNCs parallel to
a static contact line is aided by the entrainment of new solids to the
air-water interface. Additional particles are not only rotated through
the effects of surface tension, but also through the hydrodynamic force
generated from evaporation-induced radially outward flow [2,3] acting
on rod-shaped particles impinging against a fixed boundary. Together,
these effects lead to the initial formation of a coffee-ring of tangen-
tially-oriented CNCs, Fig. 3a. Once the contact line begins to recede,
Fig. 3b, an end of a CNC affixed to the contact line could trail the in-
ward motion of the contact line and align radially. Coupled with the in-
herent tendency of CNCs to align with their long axis parallel, with a
slight twist [32], to adjacent CNCs, a radial alignment in the vicinity
of the dynamic contact line is achieved. Critically, at this stage, there
is no longer a sufficient influx of additional CNCs to the boundary to
create particle collisions that would otherwise rotate the CNCs parallel
to the contact line. Once the contact line continues past the particles,
the CNCs are able to relax into a more thermodynamically stable config-
uration [32] until the water between the CNCs evaporates sufficiently
past the gel point. During this time, CNCs reorganize from a radial to
tangential alignment. Next, near the center, Fig. 3c, the remaining CNC
concentration inside the droplet has continued to decrease. Once CNCs
are deposited in this domain, they may no longer feel the effects of their
neighbors and will instead maintain the alignment prescribed by the re-
ceding contact line. Finally, if CNCs remain suspended in the droplet,
Fig. 3d, the geometric constraints induced by the shrinking droplet be-
gin to restrict the orientation once again to a tangential orientation.

Fig. 3. Schematic depicting the progression (a — d) of CNC alignment during evaporation. a) Tangentially aligned CNCs in the coffee-ring. b) Radially aligned CNCs during contact line
motion. ¢) CNCs from the previous step reorganize to a tangential arrangement and radially aligned CNCs are deposited near the center. d) Evaporation is complete with tangentially
aligned CNCs in the center of the deposit. Dashed lines indicate the initial contact line and the blue circle shows the progression of the current droplet shape. (For interpretation of the

references to color in this figure legend, the reader is referred to the web version of this article.)
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To supplement the thickness-averaged orientation, illustrated with
PLM, the surface topography of CNC deposits was investigated post-de-
position via AFM. Height profiles, Fig. 4, were measured in four re-
gions of the CNC deposits to compare with transition regions identified
in Fig. 3: the edge, midpoint, a region just outside the center, and the
center of each deposit. The northeast edge of the coffee-ring of the sam-
ple from Fig. 2 depicts tangentially oriented CNCs, Fig. 4d. The dis-
tinction between the orientation characterized from PLM and AFM is
evidenced by the local change in orientation around two dust particles
present in Fig. 4d. The dust particles on the surface of the coffee-ring
disrupt the particle orientation leading to local deviations from tangen-
tial alignment not seen through PLM. This reinforces the ability of PLM
to analyze overall bulk orientation but not necessarily individual par-
ticle orientation. Moving southwest towards the center of the droplet,
CNCs in middle of the deposit are observed with a tangential orienta-
tion, Fig. 4c. Continuing near the center, Fig. 4b, orientation begins
to transition to a radial alignment. Here, particles in the northeast re-
main tangential, yet particles nearer the center of the deposit, southwest
corner, are aligned radially. Particles radially oriented in the southwest
corner of Fig. 4b and northeast corner of Fig. 4a transition to a final
tangential alignment in the center, as observed in the southwest corner

of Fig. 4a. These results confirm the thickness-averaged orientation
from PLM as well as the evolution of orientation illustrated in Fig. 3,
suggesting that the bulk orientation evaluated from PLM is valid within
the limits of detection for the optical technique.

3.3. Rotational Péclet number analysis

Appreciating the desire to deposit CNCs in a preferential direc-
tion, it is important to understand whether hydrodynamic shear con-
tributes to CNC orientation post-evaporation. One might suggest that
shear forces acting on the nanoparticles during their entrainment to the
boundary act to rotate CNCs in the flow direction, similar to many re-
ported shear alignment techniques and given the apparent radial align-
ment observed near the air-water interface during contact line reces-
sion [21,40,41]. Thus, to investigate the development of nanoparti-
cle alignment resulting in the final CNC orientation on the substrate,
computational fluid dynamic analysis was performed to analyze the im-
pact of droplet hydrodynamics on particle alignment in evaporating ses-
sile droplets. The effects of surface tension and convection in both the
droplet and surrounding medium were considered due to their substan-
tial impact on flow behavior. Particle interactions were approximated

Fig. 4. AFM height profiles of a 0.25 pL droplet of a 2 wt% CNC aqueous suspension dried on an Alconox-cleaned glass slide. AFM profiles within a 5 um X 5 pum area are depicted from
four regions of the droplet: a) the center of the deposit, b) a region just outside the center, ¢) midpoint, and d) the edge. Corresponding regions where the height profiles were measured
are highlighted in boxes on the PLM image and are enlarged for clarity to represent 40 pm X 40 um locations.



6 C.Q. Pritchard et al. / Journal of Colloid and Interface Science xxx (xxxx) 1-8

through a concentration-dependent viscosity model, but the particles
and their interactions were not explicitly and individually represented
outside of a bulk empirical viscosity model. Therefore, the proposed
model may capture the effects of evaporation-induced convection, but
not individual particle deposition events.

We focused our investigation on the impacts of hydrodynamic forces
and Brownian motion on the alignment of nanoparticles in evaporation
induced flows. A concentration-dependent viscosity model was imple-
mented to decouple the multiple levels of interaction between contin-
uum and particle dynamics. A fundamental representation of the viscos-
ity for rigid rod-like particle suspensions could be implemented through
the Krieger-Dougherty [42] or Doi-Edwards [43] models; however,
these are not representative of concentrated suspensions n>ﬁ which
are present at the late stages of the evaporation process where parti-
cle-particle interactions become dominant. Therefore, the empirical re-
lationship proposed by Li et al. for particle concentrations from 0.25 to
1.5 wt% was employed [29]:

fgy = 24832¢7, - + 283 8cone )

where Isp is the specific viscosity of the suspension of CNCs in water and
Cene is the concentration of CNCs in the suspension in g mL~!. Compar-
ison of this model to other rheological characterization of aqueous CNC
suspensions provides reasonable agreement of this model up to approxi-
mately 6 wt% as illustrated in Figure S5 [37].

Hydrodynamic-induced alignment was studied through the rota-
tional Péclet number described by Willenbacher and Georgieva, Egs. (2)
and (3), which expresses the extent to which hydrodynamic forces over-
come Brownian motion in controlling alignment [44].

Péoy = 7,07 (2)
_ 8xn.,a’
Frot = 3k TIn2r, — 0.5) 3

where 7 is the shear rate, Tror is the rotational relaxation time, s is
the solvent viscosity, @ is the length of the semi-major axis of a pro-
late spheroid representing the rod-like particle, k5 is the Boltzmann con-
stant, T is temperature in Kelvin, and 7 is the aspect ratio of the par-
ticle. Rotational Péclet numbers greater than unity describe systems in
which shear induced flow alignment dominates. Alignment in systems
with Péclet numbers less than unity is governed by Brownian motion
acting to randomize the orientation of particles. The rotational relax-
ation time was evaluated with Eq. (3) and was found to be 2.1 x 10
s for CNCs at 23.5 °C used in this work, corresponding to a solvent vis-
cosity of 1 mPa s, CNC length of 123 nm, and CNC aspect ratio of 5.1.
Therefore, shear rates greater than 4.73 x 10° s~! should lead to hydro-
dynamic flow alignment.

Rotational Péclet numbers were calculated from Eq. (2) for an evap-
orating water droplet and CNC suspension droplet over the course of
evaporation at 23.5 °C, Figure S6 and were found to be constant with
respect to time and droplet location in room temperature evapora-

Ly U.SEI'

tion. The Rotational Péclet number, 3.2 X 107'2, is very significantly
less than unity suggesting that Brownian motion dominates, and par-
ticles remain in their initial isotropic (unaligned) orientation as they
are carried to the edge of the droplet. The hydrodynamic forces calcu-
lated here are without specific particle interaction contributions and are
not sufficient to induce significant orientation at 23.5 °C. Particles con-
tained within the suspensions may be entrained in the flow and thus
deposited at the edge of the droplet but would not necessarily develop
long-range preferential orientation without the effects of additional in-
teractions. Thus, the bulk of CNC orientation occurs as a result of contact
line dynamics, surface tension, and interparticle interactions, supporting
Mashkour’s [12,27] advances in this space.

3.4. Orientation in liquid crystalline CNC suspensions

The absence of hydrodynamic alignment was confirmed experimen-
tally, in triplicate, through the characterization of aqueous suspen-
sions of anisotropic CNCs evaporating on hydrophilic substrates. These
droplets initially formed an anisotropic phase in suspension as evi-
denced by their initial configuration immediately after deposition, Fig.
5 f. Changes in orientation were then investigated during evapora-
tion, Fig. 5 %-¥. Isolation of the anisotropic phase of a 3.9 wt% aque-
ous suspension of CNCs was carefully extracted after leaving the sus-
pension to phase separate into its isotropic and anisotropic phases for
one week [15]. The isotropic-anisotropic transition was found to be
1.8 wt% for these CNCs, Figure S3. While the CNCs were exposed to
shear stress during the withdrawal and ejection from the micropipette,
the droplets maintained a significant order after placement which was
visible through PLM as shown in Fig. 5. Coupled with time-resolved
PLM, supporting information: Droplet Evaporation Video 2, these re-
sults illustrate ordered CNCs migrating to the contact line during evap-
oration. In support of calculations of the rotational Péclet number, local
particle orientation is unperturbed by the shear flow. Additionally, clus-
ters of CNCs migrating to the contact line are observed rotating to match
the tangential orientation of their neighbors upon their approach, high-
lighting the role of interparticle interactions governing the orientation
of structured domains of deposited CNCs.

3.5. CNC orientation on hydrophobic substrates

Finally, to analyze the role of the contact line on the evolution of
CNC orientation in drying droplets, we explore the effects of hydropho-
bicity on the ensuing particle deposition in triplicate as depicted in Fig.
6 and supporting information: Droplet Evaporation Video 3. Hy-
drophobic droplets commonly evaporate with a receding contact line to
maintain their contact angle with the substrate throughout evaporation
and therefore serve as an excellent technique to observe the role of con-
tact line motion in the development of CNC orientation [1,45]. We ex-
pect the contact line to recede in droplets containing negatively-charged
suspended CNCs, Fig. 6a—c, until the CNC concentration exceeds the gel
point [34].

Fig. 5. Snapshots of a 0.25 pL droplet of an initially anisotropic 3.9 wt% CNC aqueous suspension evaporating on an Alconox-cleaned glass slide. Time points are observed after intial
deposition, a) t = 9 s, halfway through b) t = 132.5 s, and after evaporation completes c) t = 265 s. Scale bar = 500 um.
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to 0.5¢;

0.75t¢

Fig. 6. Snapshots of a 0.5 pL droplet of 2 wt% CNC aqueous suspension evaporating on a Rain-X-cleaned glass slide. Time points are observed after intial deposition, a) t = 5 s, halfway

through b) t = 2255, ¢) = 330 5, and after evaporation completes d) t = 445 s. Scale bar = 500 pm.

The initial stages of evaporation on a hydrophobic substrate are no-
tably different from hydrophilic surfaces. The near instantaneous for-
mation of CNC alignment near the contact line, as shown previously, is
not observed. In fact, ordered domains of CNCs are not visibly appar-
ent under PLM until nearly three-quarters of the evaporation time has
elapsed, Fig. 6¢. While tangentially aligned CNCs are observed at this
time, their ultimate configuration, Fig. 6d, is difficult to discern. Once
gelation is established and the droplet remains fixed, evaporation pro-
ceeds to evolve the remaining water within the CNC network. The re-
moval of the interstitial water results in a collapse in the height of the
droplet as well as a reduction in inter-CNC spacing [46]. This results
in a semi-ordered deposit, likely comprised of many tactoids of aligned
regions of CNCs, but lacks the regular arrangement of nanoparticles fol-
lowing evaporation on a hydrophilic substrate. In this case, CNCs are not
given the opportunity to deposit at a pinned contact line during evap-
oration or cooperatively develop a tangentially aligned structure in the
proximity of the contact line. Instead, the restricted time for reorganiza-
tion after gelation and before solvent removal reduces the free volume
leading to severely hindered particle mobility and ultimately smaller do-
mains of ordered structures.

4. Conclusions

Time-resolved polarized light microscopy provides a powerful tool
for the characterization of optically anisotropic nanomaterials which dy-
namically develop ordered structures larger than the wavelength of vis-
ible light. These structures can be identified in real-time thereby illu-
minating complex structural interactions, traditionally observed only in
steady state flow or ex post facto. Additionally, the onset of birefringence
observed via PLM captures local CNC concentration gradients that in-
duce preferential orientation as a function of the kinetics associated with
evaporation and droplet depinning. The evolution of particle orienta-
tion throughout the droplet is highly dependent on the interfacial sur-
face tension and cooperative interactions between CNCs but was gener-
ally not found to be a result of flow-induced shear alignment. The sur-
face tension acts to aid the initial CNC rotation coincident to the con-
tact line which defines the orientation for particles deposited within
the coffee-ring. Competition between electrostatic repulsion and capil-
lary flow was observed as a function of the local particle concentra-
tion dynamically changing during evaporation leading to changes in the
observed orientation of deposited CNCs. We present the deposition of
highly ordered ring structures from dilute CNC suspensions which can
be varied in size through the droplet volume as well as new evidence
for radially aligned CNCs in the center of the deposit. The deposited ori-
entation and arrangement of CNCs differs from the behavior of cylin-
drical particles which tend to develop end-to-end chains [38,47]. Fur-
ther, in comparison to previous reports that observed either tangen-
tial alignment in drying droplets [12,27,32] or cholesteric ordering
[48-50] in cast films, our observations of radial alignment show that
the orientation of deposited rod-like nanoparticles can be controlled via
low-cost energy-efficient droplet evaporation. A comprehensive analy-
sis of the concentration- and shear rate-dependent nature of viscos-
ity and interparticle interactions, especially in highly concentrated sys-
tems, is in progress to further elucidate parameters associated with the

development of highly ordered, radial or tangential, structures applica-
ble to the next generation of spatially and directionally ordered systems
of anisotropic nanomaterials.
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