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Isotropic-liquid crystalline phase diagram of a CdSe nanorod solution
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We report the isotropic-liquid crystalline phase diagram of 3.0<f6@ nm CdSe nanorods dispersed

in anhydrous cyclohexane. The coexistence concentrations of both phases are found to be lower and
the biphasic region wider than the results predicted by the hard rod model, indicating that the
attractive interaction between the nanorods may be important in the formation of the liquid
crystalline phase in this system. @004 American Institute of Physics.
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I. INTRODUCTION rods can be made with variable aspect ratio and tightly
controlled widths and lengths, and the rods are not highly

In concentrated solutions of rodlike particles dispersectharged, so they are an interesting system to study the for-

in non-mesogenic solvents, it has been well accepted that theation of lyotropic liquid crystals with attractive interaction

hard rod repulsion plays a predominant fofdin the forma-  included. Here we report a preliminary experimental study of

tion of the liquid crystalline phases. Theoretical analyses inthe phase diagram of the nanorod solution.

corporating the anisotropic attractive interaction between the

rigid rods predict much more complex phase diagrams,

such as the coexistence of two nematic phases, and even tWeo EXPERIMENT

isotropic phases, as well as the appearance of temperaturé -qse nanorods studied in this work are synthesized us-
dependent transition densities. o ing previously published method5!? The nanorods are
Lyotropic liquid crystalline solutions of rodlike viruses cparacterized as 3.0-nm wide and 60-nm long with transmis-
such as tobacco mosaic vifuand fd-virus in water have  ¢ion electron microscop§TEM), with ~5% width distribu-
been widely studied as model systems for hard rods. Thg,n and~159% length distribution. The nanorods are coated
electrostatic repulsion between the rods makes the effect Qf;i, organic molecules, which not only make the nanorods
van der Waals interaction insignificant. On the other hand, i(/ery dispersible in organic solvent, but also change the ef-
can be expected that van der Waals interaction may be imysctive dimensions of the nanorods in solution.
portant in inorganic colloidal systems with anisotropic T make liquid crystalline solutions of nanorods, the na-
shape because of their high electron density and thereforg,orogs are dissolved in anhydrous cyclohexane. The solution
high polarizability, especially in non-aqueous solutions;s then concentrated by blowing dry,No evaporate the
where electric repulsion is not present. Boehmite rodspivent. When it is concentrated enough to have birefringent
(AIOOH) have been the only uncharged rigid rodlike colloi- 4rgplets, the solution is transferred to 36 glass capillar-
dal system for which a liquid cry;talllne phase diagram hages or 4-mm NMR tubes, which are then flame sealed for
bgen reportga.Because the available AIOOH samples aréphase separation. The manipulation has to be done in a
highly polydisperse, however, and the phase diagram d&gater-free environment, because it was found that even the
pends on the rod lengths, the experimental studies of thafater vapor in air could cause gelation in the concentrated
system cannot determine the boundaries of the ISOtropiGsg|ytion, which is presumably due to the reduction of the
nematic coexistence region as a function of size. Indeed, th§olvating power of the solvent.
coexistence concentrations of the isotropic and nematic Tne coexistence concentrations of the isotropic and the
phases were found to be dependent on the total concentrigid crystalline phases at room temperat(26 °C) are de-
tion, and therefore it is not a simple matter to compare to thgarmined with elemental analysis. Nanorod (30 nm) so-
hard rod model with attractions built in. o lutions with different compositions sealed in 3pén diam-
.We have recenFIy observed'the formatlo'n of liquid crys-gter cylindrical glass tube€l0-um wall thickness are set
talline phases of highly monodisperse semiconductor nanosside for~2 months until the completion of the phase sepa-
rods at high density in non-polar solvefitThe CdSe nano- ration, as shown in Fig. 1. Then the glass tubes were im-
mersed in mineral oilfor refractive index matching and
dpresent address: Chemistry Department, Northwestern University, 214digital images were taken under an optical polarizing micro-
b)Shefidan l;gad, E\(/:anston]: IL 60208-3113. - Universi s;ope, so that the volume of each phase can be measured.
Present address: Center for Magnetic Resonance Research, Unlversny? e glass tubes are then cut at the phase boundaries. and the
Minnesota, 2021 6th Street SE, Minneapolis, MN 55455. . .
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FIG. 1. (Color) Completion of isotropic-liquid crystalline phase separation 30 40 50 60 70
in the solution of 3.0-nm wide and 60-nm long CdSe nanorods in anhydrous
cyclohexane observed between two paralfel and crossedB) polarizers.

The top layer is clear and isotropic, while the bottom phase is transluceng|g. 2. (A) Deuterium NMR spectra of 2iCl; in doped biphasic CdSe
and anisotropic. The color is due to the band edge absorption of the nanganorod solution at different temperatures. The central peak is due to the

rods. isotropic phase, and the two side peaks are due to the liquid crystalline
phase.(B) The volume ratio of the two phases calculated from the areas
under the corresponding peaks. The room temperature value is also shown

technique after the nanocrystals are digested in acid, anthe spectrum not shown in)AThe solid line is the polynomial fit of the

therefore the concentration of CdSe can be calculated. data points.

The isotropic-biphasic boundary is determined by vary-
ing the temperature of the solutions with different composi-determined by the volumes of cyclohexane and, thus, we can
tions under an optical polarizing microscope until the disap-<calculate the biphasic-nematic phase boundary with the lever
pearance or appearance of the liquid crystalline phase. Ondsle.
the isotropic-biphasic boundary is established, the biphasic-
nematic boundary can be determined by measuring thil- RESULTS AND DISCUSSIONS
isotropic-nematic volume ratio at different temperatures, us- The volume percentage of CdSe in the isotropic and the
ing the characteristic difference in nuclear magnetic resoliquid crystalline phases at room temperat(é °C) is de-
nance(NMR) spectra of deuterium?H) nuclei in a probe termined to be 6.1% and 9.9%, respectively with the ICP
molecule present in the isotropic or the liquid crystallinetechnique. These values do not vary significaritty0.4%)
phases® Anhydrous deuterated chloroform ECl;) is  for solutions with different compositions, indicating the na-
added to the biphasic solution of the nanorods in anhydrousorods are monodisperse enough that the solution can be
cyclohexang~5% by volumeg in a 4-mm-diam glass NMR considered to be a two-component system, in contrast to the
tube, and the NMR spectra were taken with a Chemagnetiosxperiments reported for boehmite rods eaflidhis also
Infinity 500 MHz spectrometer equipped with a 4-mm MAS allows the determination of the composition of any biphasic
solid state probe at temperatures ranging from room temsolution non-destructively from the volume ratio of the two
perature to 75°C. The temperature is varied by blowingphases.
compressed air of different temperatures over the sample. For a solution with a composition of 6.5%olume per-
Temperature calibration was performed with ethylene glycocentage of CdSe in cyclohexane, heating from 25 to 75°C
((CH,OH),),***> where the chemical shift difference be- does not cause the disappearance of the nematic phase, and
tween the protons in CHand OH groups was measured at therefore we conclude that the isotropic-biphasic boundary is
different temperature and compared with references. Fandependent of temperature within 0.4%. When considering
each temperature, the sample was allowed to stabilize for the thermal expansion of the solvent that slightly decreases
to 8 h sothat the spectra do not change with time. Because¢he concentration, the uncertainty in this boundary should be
the CHCI; probes the local order of the environment, theresmaller for higher temperatures.
is no need to wait for the complete phase separation at dif- The volume ratio of the isotropic and liquid crystalline
ferent temperatures. THe&l-NMR spectra are shown in Fig. phases for a biphasic solution is calculated fréfiNMR
2(A), where the central peak is identified to be due to thespectra and shown in Fig(R) from which, together with the
isotropic phase and the two side peaks to the liquid crystalisotropic-biphasic boundary, the biphasic-nematic phase is
line phase. The volume ratio of the two phases is calculatedalculated with the lever rule.
by the ratio of the areas under the corresponding peaks, by In order to compare with the theoretical results reported,
assuming the partition of chloroform in two phases is solelyhowever, the thickness of organic molecul&sl nm for two

Temperature ( “C)
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S enthalpically favorable, and consequently the concentration

nr bt difference between the solute-rich and the solvent-rich

- v phases increasédzurthermore, because the anisotropic part

e or Vo of the attractive interaction favors the parallel orientation be-
£ . tween the rods, the anisotropic phase starts to appear at con-

® S0F [ | . .

H v centrations lower than those required by the hard rod repul-
£ ol - sion. However, whether the coexistence concentration of the

a Vo ordered phase is larger or smaller compared with the hard
30k Vo rod systems depends on the nature and the range of the at-

AR [P R tractive interaction, as shown by numerical calculatibhs.
0 4 8 12 16 20 24 28 Future studies will require a much more comprehensive
vol% study of the phase diagrams for rods of varying length and

diameter, and in a solvent that permits a wider range of tem-

FIG. 3. The temperature vs composition phase diagram in the temperatur, - . -
range studiedsolid lineg after the organic surfactant molecules are consid- ﬁerature to be mvestlgated, as well as comparisons to models

ered. The dashed lines are the calculated values for hard spherocylinders ¥cluding different types of attractive interactions. The effect

aspect ratio of 15 in Ref. 17. of van der Waals interaction in liquid crystals has been theo-
retically studied in the mean-field approximatibn?-22
However, considering the highly anisotropic polarizability of

layers'® on the nanorod surface is added to get the effectivdN® nanorods as well as th_ezig permanent electric .dipole mo-
dimensions of the nanorods, which gives 4.1 nm in Width,ment anng thglr Iong_ axes, **both of which contribute to
and 60 nm in length. The temperature versus compositioHﬁe attractive mtergcnon, we may ;uspept whether the mean
phase diagram, which is only weakly dependent on tempereI'—eld treatment is still Vf”‘“d'. Theorgtlcally it was shoffhat
ture in the temperature range studied, is thus drawn with th@S Soon as Fhe attractive interaction 'm|ldlly. alters th('." segond
effective volume ratio, as shown in Fig. 3. The theoreticalv'”al,Coeff'c'ent' the eﬁept on the th|rd'vmal coefﬁuent is
results for hard spherocylinders of aspect ratio of 15 Calcugon5|derable. By assuming _the attractive _potentlal_ has _the
lated with the hard rod mod&i®® are also shown for com- orm of the van der Waals interaction at intermediate dis-
parison. tances, th(_e author_s_estimated that the _con_tributions to the
Within the temperature range studiétimited by the second virial coefficient from the attractive interaction and

freezing and boiling points of cyclohexanehe discrepan- the hard rod repulsion, respectively, have a ratio

- —2p—5,HP ; ;
cies between our experimental and the theoretically calcu- 4/5H “p e, whereP is the aspect ratio of rodsd

lated hard rod results are evident. Our experimental values 3ItTrA/ 12&GeT, ;N't? A atrlﬁ I—tlamakert Con?/t\zl':}PhtL(?h thﬁ
for the coexistence concentrations are significantly lowel>° kzmann ;:ontsfan ng e elmr;])era ure- ¢ )01'5)719‘327"’"
than 19.2% and 21.5%, the coexistence concentrations cal-a<e! constant for € In cycloneéxane o '

culated for hard spherocylinders of aspect ratio of 15 b)yve estlm_ate _that for CdSe nano_rods W'th aSpeCt ratio of 15,
assuming the hard rod repulsion alone between théhe contribution to the second viral coefficient from the van

nanorod<718 As the aspect ratio becomes larger, the har er Waals interaction is-0.7 of that from the hard rod re-

rod model does predict that the coexistence region shifts tBU|S'0n and therefore not n_eghglblg. This |nd|cate_s that in
lower concentrations and broaddisge for instance Ref. 18, our system van der Waals interaction may be so important

Fig. 12. This means that by treating the aspect ratio as i‘hat the mean field treatment is no longer satisfactory. The

completely adjustable parameter, it is possible to bring th arge v?r;.der.Watﬁls attlr atgnon rfnay also(;)e .the reasonlbeh:nd
calculated hard rod phase diagram into somewhat bettépﬁ. %eha 'OB in the so l%él(oﬂn ?h nanlo?) s In poor solvent,
agreement with the experiment. However, this occurs for af/nich has been suggestedor the gelation In aqueous sus-

aspect ratio that is outside the range of what is measured hnS|o:1hof \Iéof netm?rlbbonls_wnh hlghtsalt conce?tratlond
TEM, and even under these circumstances, the biphasic re- ere the electrostalic repuision cannot compensate van der

gion measured experimentally remains wider than the calcu- aals attraction effectively.
lated one. The ratio between the measured concentratiols SUMMARY
between the ordered and disordered phases is 1.62 at roo
temperature, which is significantly larger than the theoreti- We have measured the phase diagram ofX<360 nm
cally predicted valug~1.24 even for infinitely long, thin  CdSe nanorods dispersed in cyclohexane. Only weak tem-
rods!’18 perature dependence has been observed in the temperature
A likely source of these discrepancies is the anisotropicdange studied. In addition, the coexistence concentrations of
attractive interactions between the nanorods. Theoreticahe order and disordered phases are much lower than those
studies on the rodlike colloids with attractive predicted with the hard rod model, and the biphasic region is
interactiond°° have shown that introducing an orientation- wider. We believe these discrepancies may result from the
dependent attractive potential results in the widening of thettractive interaction between the nanorods.
isotropic-nematic coexistence region, which is qualitatively ~ So far we have only measured the phase diagram of one
consistent with our experimental results. The presence of th€dSe nanorod sample in a very narrow temperature range.
interparticle attraction makes the solute—solvent interactiofexpanding the experimental temperature range is currently in

parameter more positive, so that the mixing becomes lessprogress, as well as the determination of the phase diagram
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