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Abstract

A series of cyano tail-terminated alkoxy and alkyl cyanobiphenyl compounds and some
cyano-p-terphenyl derivatives were synthesized and mesogenic properties described.
Comparison with the K series and M series indicates that the terminal cyano group
generally enhances the supercooling of the molecules. Furthermore, several binary LC
mixtures formed by the cyano tail-terminated compounds were found exhibiting
promising room temperature nematic phases ranges comparable to the commercial
quaternary mixture E7. The equimolar binary mixture of CN5OCB and CN7OCB shows
homeotropic ordering at the metal salts-decorated surfaces and planar ordering at the free
surface, which is consistent with Ggg values we calculated. As such, these materials are
promising candidates for sensor devices which display a rapid response to a variety of

analytes.

1. Introduction



The K series 4-alkyl-4'-cyanobiphenyl (nCB) and the M series 4-alkoxy-4'-cyanobiphenyl
(nOCB) mesogens have found wide applications in the field of liquid crystal (LC) science
[1]. The best-known compound in this series is undoubtably 4-n-pentyl-4’-cyanobiphenyl
(5CB) due to its convenient room temperature nematic phase. The polar cyano group not
only contributes to the stable nematic LC phases and opto-electronic properties [2,3] but
is also utilized as a binding ligand on metal salts for chemoresponsive sensors [4,5]. In
order to achieve enhanced mesogenic properties the pursuit of structural modifications of
these cyanobiphenyl mesogens has never stopped. In addition to substitution on the
aromatic rings [6-9] functionalization on the flexible tails, including terminal
functionalization, also influences the phase behavior of LC molecules [10-15] (Figure 1).
The polar hydroxy terminus generally increases the phase transition temperatures due to
hydrogen bonding [13]. Studies indicate that the addition of a halogen atom (chlorine or
bromine) to the terminus of the tail strongly promotes the formation of a smectic A phase
in related difluoroterphenyl [10] and phenylpyrimidine [11] systems. In contrast, the
halogen terminus is also reported to slightly decrease the phase transition temperatures
and clearing points and furthermore destabilize a smectic phase in cyanobiphenyl systems

[12, 14].
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Figure 1. Some previously examined liquid crystal tail termini functionalization.

The cyano group often plays a key role as a polar end group when attached to a
central rigid core. Previously, some mesogens with cyano terminated alkoxy tails have
been reported — tolane derivatives by P. Adomenas et al [16]; stilbene derivatives by
Y.Y. Daugrila et al. [17]; benzoates and azobenzenes based molecules by E. I. Rjumtsev
et al. [18] and B. 1. Ostrovskii et al. [19] respectively; and also biphenyl based [20] and
benzylidene [21] based compounds by F. Barbarin et al. However, to our knowledge, the
influence of the cyano tail termination on the mesogenic properties of the cyanobiphenyl

system has not yet been systematically studied.
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Figure 2. Some previously examined cyano tail terminated LCs.

Based on our previous experience with terminal tail functionalization [13,14], a
series of cyano tail terminated alkoxy/alkyl cyanobiphenyl compounds have been
synthesized. Most important, new liquid crystal mixtures based on these terminal tail-
functionalized molecules have been identified that exhibit a wide nematic phase
including room temperature. Such broad ambient temperature nematics are being pursued
due to their utility in many applications including our own pursuit of chemoresponsive
sensors [4,5]. In such sensors we have found that CN4OCB, CN50CB, and the mixture
of CN50CB and CN70CB in 50%:50% molar ratio adopt homeotropic (perpendicular)
ordering on surfaces supported with Ni(ClO4), metal salts, which is consistent with the
negative Ggg values we calculated. Moreover, the nitrile terminated chain perturbs the

smetic layer of molecules and gives rise to planar anchoring at the air interface. These



materials are promising candidates for sensor devices which display a rapid response to a
variety of analytes.

2. Experimental Section

Commercial-grade solvents were used without further purification. PdCl, was purchased
from Pressure Chemical (Pittsburgh, PA). Palladium on carbon (5%), diisopropylamine,
ether and copper iodide were purchased from Acros. The precursor 4'-cyano-4-
iodobiphenyl was prepared using a literature method [22]. The 4"-hydroxy-1,1":4',1"-
terphenyl-4-carbonitrile was prepared by Suzuki coupling reaction of 1-bromo-4-
hydroxybiphenyl and 4-cyanophenylboronic acid [23]. Triphenylphosphine and
ethylenediamine were purchased from Sigma-Aldrich. The 4-bromobutyronitrile and 6-
bromohexanenitrile were purchased from Alfa Aesar (Ward Hill, MA). The 5-
bromovaleronitrile and 7-bromoheptanenitrile were purchased from Matrix Scientific
(Columbia, SC). The hexafluorobenzene was purchased from Oakwood Products
(Columbia, SC). Sodium cyanide was purchased from Mallinckrodt Chemical Works
(New York, NY). The terminal hydroxyacetylenes were purchased from GFS Organic
Chemicals (Columbus, OH). The compressed hydrogen was bought from Linde Gas. The
products were purified by column chromatography using silica gel (60—120 mesh) and/or
by recrystallization from analytical grade solvents.

Polarized optical microscopy (POM): Nikon ECLIPSE E600 Microscope &
SPOT™ idea COMS and Mettler Toledo FP90 central processor with FP82HT hot stage.

IR analysis was accomplished by using a Bruker Vector 33 FTIR spectrometer
(Bruker Optics Inc, Billerica, MA, USA). The data obtained was processed and plotted

using OPUS software (ver. 6.5, Bruker Optics Inc, Billerica, MA, USA).



A Bruker 400 NMR was used for NMR data acquisition (Frequency: 400 MHz for
1H-NMR; 100 MHz for '*C-NMR and 376 MHz for YF-NMR) and the plots were
generated by TOPSPIN 2 software (ver. 2.1, Bruker Optics Inc., Billerica, MA, USA).

A Thermo Finnigan Trace - GC 2000 (Thermo Scientific, Austin, TX, USA) and
Polaris Q Mass Spectrometer (Thermo Scientific, Austin, TX, USA) were used to follow
the reactions and assay product purity. The GC-MS data was collected and processed via
Xcalibur software (Ver. 1.4, Thermo Scientific, San Jose, CA, USA).

Differential scanning calorimetry (DSC) analysis was run on a 2920 Modulated
DSC from TA instruments (TA Instruments Inc., New Castle, DE, USA). Experimental
data was analyzed and exported by using the Thermal Advantage software (Version 1.1A,
TA Instruments Inc., New Castle, DE, USA).

General Procedure for the synthesis of cyano tail-terminated alkoxy cyanobiphenyl/

terphenyl compounds (reaction between phenol and a,0-bromoalkanenitrile)

In a 200 ml round bottom flask was placed 4-cyano-4'-hydroxybiphenyl (1.0 equiv.), an
a,-bromoalkanenitrile (1.0 equiv.), dry DMF (1.0 mL for each 1.0 mmol substrate),
potassium carbonate (2.0 equiv.) and potassium iodide (0.1 equiv.). The resulting
suspension was stirred overnight at room temperature and the reaction was monitored by
TLC analysis. Once complete, water was added dropwise with stirring to fill the flask
and the precipitate was collected by vacuum filtration. In some cases when no precipitate
was found, the mixture was extracted with dichloromethane. The crude product was

recrystallized from methanol. (yields from 56%-88%)



This geneneral procedure was utilized for cyano terminated CNnOCB (n = 3-6) and
CNnOCT (n = 3-6) as well as the chloro terminated compound CISOCB. The cyano

terminated CN20OCB was synthesized using a different method (see SI).

General Procedure for the synthesis of 4'-o-tosylalkoxy/alkyl-4-cyanobiphenyl

compounds (reaction between terminal alkanol and p-toluenesulfonyl chloride)

The reactions were carried out according to a literature method [13]. A 100 ml flask was
charged with the 4'-w-hydroxyalkoxy/alkyl-4-cyanobiphenyls (2.0-5.0 ~mmol),
triethylamine (1.3 equiv.) and DCM (5.0-10.0 mL). The mixture was cooled to a
temperature between 5°C-15°C and a solution of p-toluenesulfonyl chloride (1.0 equiv.)
in DCM (5.0-10.0 mL) was added slowly via an additional funnel. Once the addition was
complete, the reaction mixture was warmed to ambient and stirred for 12 hours. The
reaction was monitored by TLC until completion and was terminated by addition of silica
gel and the mixture was concentrated to dryness. The product was purified by column
chromatography eluted with hexanes and ethyl acetate (4:1) to afford the desired tosylate

derivative. (yields from 67%-76%)

Representative procedure for the cyanation (synthesis of CN70OCB from the

relevant tosylate)

To a solution of 4’-[[7-[[(4-methylphenyl)sulfonyl]heptyl]oxyl]-4-cyanobiphenyl (1.1 g,
3.0 mmol) in DMSO (15 mL) was added NaCN (186 mg, 3.8 mmol). The mixture was
stirred for 8 hours at 60 °C and after this time TLC indicated the reaction was complete.
The residue was dissolved in water (30 mL) and extracted from the aqueous phase with

diethyl ether (15 mL). The organic phase was dried over magnesium sulfate and



evaporated under reduced pressure. The desired product CN70CB was purified by
column chromatography eluted by ethyl acetate:hexane (1:4) as white crystals, which was

then recrystallized from methanol as a white solid. (Yield: 440 mg, 46%)

This route was utilized for CN70CB and CNnCB (n = 5-7).

For detailed procedures, see the supplementary information.

Computational methods

All calculations were carried out using Gaussian 09 version D.01 [24]. Density functional
theory (DFT) at the PBE-D3(SMD=benzonitrile)/def2-SVP level of theory [25-28] was
used for all geometry optimizations. Subsequently, dipole moments were calculated for
each obtained structure at the MO06-2X-D3(SMD=benzonitrile)/def2-TZVP level of
theory [29]. Several conformers, especially local minima, play a role in determining the
overall dipole moment of compounds. To obtain an appropriate statistical sampling of the
conformational modes of the aliphatic chains of mesogens, the complete conformational
space was generated by assuming three stable conformations (one anti and two gauches)
for each C-C and C-O single bonds of the aliphatic chain. Therefore, the assumed starting
dihedral angle was 0, 120, or 240 degree for all single bonds investigated in the
conformer search. To limit computational cost, the number of randomly chosen
conformers were limited to 2000 conformers for each compound. These conformers were
then used in the dipole moment calculations. To obtain the average dipole moment for
each compound, the Boltzmann weighted sum of the dipole moment was calculated

including all relevant conformers. This approach has been successfully benchmarked



against higher level computational methods [4] and has been used to accurately model

mesogen properties including their dipole moments [13, 14].

To model the binding of mesogens to metal salts, we performed Binding Free
Energy (Gge) calculations at the M06-2X-D3/def2-TZVP//PBE-D3/def2-SVP level of
theory using the Neutral Anion Model (NAM) which has been shown to provide good
agreement with experiments, as described in detail previously [5, 30, 31]. Ggg of
mesogens are calculated as Gee = GModel+Lc — GModel — GLc, Where Guoder+Le 18 the total
free energy of the metal salt cluster with the bound mesogen, Gmodel is the free energy of
the naked metal salt cluster and Gic is the free energy of the mesogen molecule in the gas
phase. Negative values of Ggg (i.e., binding) were found to correlate with homeotropic
ordering of mesogens whereas positive Ggg indicated planar ordering. For the sake of
simplicity and consistency, we investigated only the energetically most stable anti
conformation of the aliphatic chain of the mesogens to calculate and compare Ggk.

3. Synthesis
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CN CN CN CN
O HO{(CH,);OH O TsCl O O
NaCN
—_— —_— >
PPh3, DIAD Et;N DCM DMSO
20 e
OH O{CH3)yOH O{CH2);0Ts O{CH,};CN



Scheme 1. The synthesis of cyano tail terminated alkoxy cyanobiphenyls CNnOCB and
alkoxy cyanoterphenyls CNnOCT. The CN20OCB was synthesized from acrylonitrile
while the CNnOCB (n = 3-6) and CNnOCT (n = 3-6) were synthesized from o,-
bromoalkanenitriles. The CN70CB was synthesized from the relevant hydroxy tail

terminated cyanobiphenyl.

Different methods were chosen for synthesis of members of the same series based on the
availability of relevant starting materials. Most of the cyano tail-terminated alkoxy
cyanobiphenyl (CNnOCB) and cyanoterphenyl compounds (CNnOCT) were synthesized
by standard alkylation of 4'-hydroxy-4-cyanobiphenyl or 4"-hydroxy-4-cyanoterphenyl
with commercial a,m-bromoalkanenitriles (n = 3-6 for CB series and n = 3-6 for CT
series, Scheme 1). The one exception is CN20OCB, which was synthesized from
acrylonitrile and 4'-hydroxy-4-cyanobiphenyl. The reactions proceed smoothly at room
temperature and when complete, the product can be precipitated by the addition of water
and collected by vacuum filtration. For the seven-carbon chain derivative a method used
to synthesize fluorine terminated liquid crystals was utilized since the required
bromoalkanenitrile with n=7 is not available [14]. The hydroxyheptyloxy cyanobiphenyl
with a hydroxy group on the tail terminus was first prepared by a standard Mitsunobu
reaction between the commercial precursors 4’-hydroxy-4-cyanobiphenyl and excess 1,7-
heptanediol (Scheme 1). Next, the terminal alcohol was tosylated with p-TsCl in the
presence of triethylamine in good yield. The cyanation was then accomplished using
sodium cyanide in DMSO to give the desired cyano tail terminated
heptyloxycyanobiphenyl. All the cyano terminated biphenyl compounds were
recrystallized from methanol and the analogous terphenyl compounds from acetonitrile

for characterization and thermal behavior study.
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Scheme 2. The synthesis of cyano tail terminated alkyl cyanobiphenyls CNnCB.

The corresponding alkyl cyanobiphenyl derivatives were then pursued using the
strategy described in our previous work on hydroxy terminated tails [13, 14, 32]. The
hydroxy tail terminated alkyl cyanobiphenyls were first prepared and then tosylated in
good yields (Scheme 2). The resulting tosylates were reacted with sodium cyanide under
previously described conditions to yield the desired cyano tail terminated alkyl

cyanobiphenyls (CNnCB).

Br{CH2)sOH
NC O O OH pp— ;3‘:" - NCO{Csz—OH

DMF, K;CO3
» NC O(CH,)s—
~ o

Scheme 3. The synthesis of pentafluorophenyloxy terminated hexyloxy cyanobiphenyl
PF60OCB.
The compound 1-(4-cyanobiphenyl-4'-yloxy)-6-(pentafluorophenyloxy)hexane

(PF60CB) first reported by T. Itahara et al was utilized here in our studies to make broad
temperature range nematic mixtures [33]. We used a different synthetic approach to make
this substance than was previously reported. From our earlier work [13], 4'-[(6-
hydroxy)hexyloxy-]4-cyanobiphenyl had been prepared as an intermediate (Scheme 3).
This compound was treated with an excess of hexafluorobenzene in the presence of

potassium carbonate in a polar aprotic solvent. The desired product resulting from a



single aromatic nucleophilic substitution was obtained in good yield without the

formation of any byproducts.

4. Results and Discussions

The phase behavior of all the cyano tail terminated CB compounds were determined and
are compared to the parent M series in Table 1. Similar to the M series (terminated with
a methyl group), the cyano terminated CBs generally exhibit a nematic phase but with
slightly narrower ranges. When n is 3 or 4 (CN3OCB and CN4OCB), they show
monotropic behavior, which is consistent with their M series counterparts. Both
CNS50CB and CN70CB show enantiotropic behavior and thus the 50%:50% molar ratio
binary mixture of these two compounds was investigated and a wide nematic range was
obtained (-40 to 74.6 °C in Figure 4). As CN4OCB shows supercooling nematic behavior,
it was mixed with CN5OCB in a 50%:50% molar ratio and the resulting binary mixture
also exhibits a wide nematic phase (< -40 to 71°C in Figure 5). Note that the nematic
behavior of these two component mixtiures is comparable to the commercial nematic
quaternary mixture E7 (-63 to 60 ‘C) (Merck KGaA, Darmstadt, Germany). The
CN20OCB and CN60OCB do not possess any intrinsic mesogenic properties. In terms of
the temperature ranges, CN70CB possesses a lower clearing point than the non-cyano
terminated version. The other cyano tail terminated CBs all show higher clearing points.
The DSC plot of CB50CB is shown in Figure 4 and this mesogen exhibits significant

supercooling, which may be a very useful behavior for the creation of LC mixtures.



Phase behavior (‘'C)

n CNnOCB M series

2 K 1861168 K K102 (N91) I
3 K138179N 71 K K72 (N64)1
4 K93161N38K K78 (N 76) 1
5 K66 N77176 N4.9K K50N 681
6 K97168 K K57N761
7 K6IN7117IN15K K54 N741

Table 1. The phase behavior of the cyano tail terminated alkoxy CB compounds
CNnOCB (K = Crystal, N = Nematic, [ = Isotropic). Data available for the analogous

parent non-substituted alkoxy M series is provided for comparison [34].
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nematic to isotropic phase (bottom). Note the dramatic supercooling of the nematic phase

of this substance.
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the limitations of the DSC).
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Figure 5. The DSC plot of the mixture of CN4OCB and CN50CB in 50%:50% molar
ratio (N 71.0 1 69.2 N). (The lowest cooling temperature was only down to -40 °C due to
the limitations of the DSC).

Next, four cyano tail terminated alkoxy cyanoterphenyl compounds (CNnOCT)
were examined (Table 2). The CN3OCT and CN4OCT generally show a wider nematic
range than the parent non-terminal-functionalized cyanoterphenyls—lower crystal to
nematic transition temperatures (Tkn) and higher clearing points (Tni). The CNSOCT and
CNO6OCT have similar nematic ranges compared to the parent terphenyl compounds. The
parent cyanoterphenyls all show a variety of smectic phases below the nematic phase but
no smectic phases are observed for the two shorter cyano terminated derivatives
CN3OCT and CN4OCT (Figure 6). This destabilization of smectic phase by terminal

functionalization is consistent with previous results with halogen termination [12,14]..

Thermal behavior ('C)
n CNnOCTs OCTs
K 190 SmB 207 N 282 1
3 K 172 N 2871286 N 162 K Decomposed during DSC
K121 Sm 185N 2721
4 K141 N271 1271 N 134K Decomposed during DSC

5 K154 Sm 177N 2641263 N 172 Sm 145 K K 104 SmF 130 SmB 172 N 253 I

6| K133Sm160N2481247 N 154Sm 105K | K90 SmF 115SmB 169N 2401

Table 2. The phase behavior of the cyano tail terminated alkoxy CT compounds
CNnOCT (K = Crystal, N = Nematic, Sm = Smectic, | = Isotropic). Data available for the

analogous parent nonsubsitituted alkoxy series is provided for comparison [35]".
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Figure 6. The DSC plot of pure CN4OCT (K 140.8 N 270.6 I) (top) and optical

microscopy image (crossed-polars) of nematic phase texture at 266 ‘C (bottom).

The situation with the K-series cyanobiphenyl derivatives (CNnCB, currently

only CN5CB, CN6CB and CN7CB have been obtained, Table 3) is different from the M-

series cyanobiphenyl derivatives. The analogue CN4CB has been described in the



literature and prepared using a different method but its phase behavior is not reported
[36]. The clearing points of these CNnCB cyano tail terminated compounds increase by
approximately 20-30 °C compared to the parent K series but are 5-30 °C lower than the
alkoxy analogous in Table 1. The CN6CB exhibits only monotropic nematic behavior
whereas the other two compounds CN5CB and CN7CB possess no mesogenic properties.
Similar to its alkoxy analogue, CN6CB also shows some supercooling according to the

DSC (Figure 7).

Phase behavior (C)
n CNnCB K series
> K 68125 K K 225N 351
6 K61135N-7K KISN301
7 K 66 136 K K31 N441

Table 3. The phase behavior of the cyano tail terminated alkyl cyanobiphenyl compounds
CNnCB (K = Crystal, N = Nematic, | = Isotropic) which have been prepared. Data
available for the analogous parent nonsubsitituted alkyl series is provided for comparison

[37].



60.84°C

Heat Flow (Wig)

75.55Jig

N1y 3.284Jig
./

P 3540°C

’1 T | T 1 T T

-B0 -40 -20 0 20 40 B0 80
Exo Down Te mperatu re ("C] Universal ¥3.9A TA Instruments

Figure 7. The DSC plot of CN6CB (K 60.8 I 35.4 N -6.9 I) showing the monotropic

nematic phase and supercooling.

The terminal tail functionalization with a cyano group does not have an dramatic
influence on the thermal behavior of the cyanobiphenyl system, especially for the alkyl
analogues. However, according to our previous results [14] and the two cyano tail
terminated CB mixtures described above, mesogens showing supercooling are very
useful components to achieve a sub ambient nematic range. Here, the new molecule
CN5SOCB and a known chlorine tail terminated CB compound CISOCB [12] were
selected for further study of liquid crystal mixtures. In addition, another terminal
functionalized compound has attracted our attention: 4-(6-
pentafluorophenyloxyhexyoxy)-4'-cyanobiphenyl (PF60OCB). This compound was

originally synthesized by T. Itahara to study even/odd effect of different spacers [33].



Within the PFnOCB series Itahara reports that PF6OCB has a low Tk~ and the widest

nematic range. Interestingly, our DSC analysis also shows that PF60OCB has very strong

supercooling properties (Figure 8). The pure compound shows nematic state at ambient

conditions and then eventually crystallizes after a couple of days. A mixture made from

M21 (70CB) and PF60CB in equal molar ratio was investigated and a near-ambient

nematic phase (27—-67 "C) was obtained accompanied by supercooling as shown in Figure

9. This sample crystallizes in the next heat cycle according to DSC and stays nematic at

ambient conditions for weeks. The reason why M21 was selected is because M21 also

supercools significantly by itself. Hence, the combination of two supercooling mesogens

may give rise to some interesting outcomes.
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only down to -40 °C due to the limitations of the DSC).
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Figure 9. The DSC plot of the 50%:50% mixture of M21 and PF60OCB (K 28.9 N 66.9 1
65.2 N 13.0 K in the next cycle). (The lowest cooling temperature was only down to -
40 °C due to the limitations of the DSC).

The examination of binary mixtures of PF6OCB and CN50OCB in different ratios
is shown in Figure 9. The clearing points of all the binary mixtures vary little (from 60 to
73 °C) over the entire composition range. When the molar percentage of PF60OCB ranges
from 20% to 90% the resulting mixtures possesses a remarkably broad nematic phase
down to -40 °C (the plateau is an artifact due to the low temperature limitation of the
DSC) (Figure 10). For example, the 50%:50% mixture exhibits a nematic phase from -40
to 64.4 °C (Figure 11). This may derive from the higher clearing point of CN5OCB as
well as the supercooling properties of both components. The mixture of PF6OCB (20%)

and CN50CB (80%) also shows this supercooling property during the cooling cycle but



the transition of nematic to isotropic appears quite broad. Thus, this ratio has been chosen

as the minimum amount requirement of PF6OCB. These samples stay in a liquid crystal

state for weeks under ambient conditions.
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Figure 10. The phase behavior data of the binary mixtures of PF6OCB and CN50OCB.

The temperature plateau at -40 "C is an artifact due to the limitation of the DSC.
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Figure 11. The DSC plot of the mixture of PF6OCB and CN5OCB in 50%:50% molar
ratio (N 64.4 1) (top) and optical microscopy image (crossed-polars) of nematic phase
texture at 64 'C the transition from nematic to isotropic phase (bottom). (The lowest

cooling temperature was only down to -40 °C due to the limitations of the DSC).

The thermal behavior of the binary mixtures of PF6OCB and CISOCB in different

ratios is shown in Figure 11. The clearing points ranges from 60 to 65 ‘C. When the



molar percentage of PF6OOCB ranges from 40% to 75% the resulting mixtures possesses a
broad nematic phase down to -40 ‘C (the plateau is an artifact due to the low temperature
limitation of the DSC) (Figure 12). This ratio range is not as wide as the mixture of
PF60OCB and CN5SOCB but still it provides a range of room temperature nematic
compositions. In particular, the 50%:50% mixture exhibits a nematic phase from -40 to
58.1 °C (Figure 13). It is interesting to see the monotropic behavior of CISOCB did not
have a negative influence on the phase behavior of the resulting mixture. When the molar
percentage of PF6OCB is below 40% or above 75%, the mixtures crystallize easily
during cooling and no longer appear nematic state at near room temperature. Otherwise,

the mixtures also stay in a liquid crystal state for weeks under ambient conditions.
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Figure 12. The phase behavior data of the binary mixtures of PF6OCB and C15OCB. The

temperature plateau at -40 "C is an artifact due to the limitation of the DSC.
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Figure 13. The DSC plot of the mixture of PF60OCB and CISOCB in 50%:50% molar
ratio (N 58.1 I) (top) and optical microscopy image (crossed-polars) of nematic phase
texture at 57 ‘C the transition from nematic to isotropic phase (bottom). (The lowest

cooling temperature was only down to -40 °C due to the limitations of the DSC).

5. Calculations of dipole moment and binding free energy (Gsk)

To gain more insight into the effect of the cyano-termination on the molecular properties,
we calculated the dipole moments of the newly synthesized 4'-w-cyanoalkyl-4-

cyanobiphenyl, 4'-w-cyanoalkoxy-4-cyanobiphenyl, and 4'-w-cyanoalkoxy-4-



cyanoterphenyl compounds. Figure 14 shows the calculated dipole moments as a function
of the alkyl chain length (n) (detailed results are also provided in Table SI.1). We find
that the dipole moments of 4'-w-cyanoalkyl-4-cyanobiphenyl, 4'-w-cyanoalkoxy-4-
cyanobiphenyl, and 4'-w-cyanoalkoxy-4-cyanoterphenyl compounds follow the same
qualitative trend; the dipole moment increases with increasing alkyl chain length in all
three  series. 4'-w-cyanoalkoxy-4-cyanobiphenyl compounds have, however,
systematically higher dipole moment than that of the corresponding 4'-w-cyanoalkyl-4-
cyanobiphenyl compound with the same alkyl chain length which reflects the effect of
the electronegative O atom in the alkoxy tail. Interestingly, the dipole moment of 4'-®-
cyanoalkoxy-4-cyanobiphenyl and 4'-w-cyanoalkoxy-4-cyanoterphenyl compounds are
very similar, within ~0.1D on average, suggesting that the introduction of the third

phenyl ring has a minor effect on the dipole moment relative to the analogous biphenyls.
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Figure 14. Calculated dipole moment (in Debye) as a function of chain length (n), shown
in the molecular formula of each mesogen class, for 4'-w-cyanoalkyl-4-cyanobiphenyl
(blue), 4'-»-cyanoalkoxy-4-cyanobiphenyl (red), and 4'-w-cyanoalkoxy-4-cyanoterphenyl

(green) compounds.



To understand more about the interfacial ordering of the cyano-terminated
mesogens that are relevant for sensor applications, we calculated the Ggg of the 4'-w-
cyanoalkyl-4-cyanobiphenyl, 4'-o-cyanoalkoxy-4-cyanobiphenyl, and 4'-o-cyanoalkoxy-
4-cyanoterphenyl compounds on Al(ClOs4)3, Ga(ClO4)3, and Ni(ClO4)2 metal salts (see
details in the computational methods section). All calculated results can be found in
Table. SI.2. As there are two cyano tails in each molecule, we probe both tails to find the
strongest binding functional group in all compounds. We find that in all cases (within
rounding error of 0.01 eV) that the cyanobiphenyl tail binds slightly stronger than or
comparable to the cyano on the alkyl tail suggesting that both ends can competitively
bind to metal salt surfaces or the cyanobiphenyl tail dominates the surface. We find the
largest Gge difference in the case of 4'-w-cyanoethoxy-4-cyanobiphenyl binding to
Al(ClO4); where the cyanobiphenyl tail binds -0.22 eV stronger than that of the
cyanoethoxy tail. We note here that 0.06 eV difference in Gpe at room temperature
results in one order of magnitude difference in equilibrium constant thus -0.22 eV
difference indicates the complete dominance of cyanobiphenyl tail on the surface.

We also analyze the change in Ggg with different lengths of the alkyl chain. Gge
does not show any change as a function of the alkyl chain length within rounding error
(0.01 eV) for of the cyanobiphenyl tail. This result is consistent with our previous
findings for hydroxyl and fluorine terminated mesogens [13, 14] and that PhCN can be
used as a rational surrogate of 4'-pentyl-4-cyanobiphenyl (5CB) in Ggk calculations [4, 5,
13, 14, 30, 31]. Interestingly, there is significant change in Ggg as a function of the alkyl
chain length for the cyanoalkoxy tail. For the smallest alkyl chain length (n=2), the

binding of cyanoalkoxy tail is weak. The binding becomes stronger with increasing alkyl



chain length until it saturates. We suggest that this effect is the consequence of the
presence of the electronegative oxygen atom in the molecular structure because in the
case of cyanoalkyl tail we do not observe any change in Ggg as a function of alkyl chain
length. Additionally, the effect of the oxygen atom on the cyano group of the cyanoalkyl
tail disappears with increasing alkyl chain length which can explain the saturation in Ggg
at long alkyl chain lengths.

Finally, we also compare the Ggg of mesogens related to different metal salts. We
find that all three series of 4'-w-cyanoalkyl-4-cyanobiphenyl, 4'-w-cyanoalkoxy-4-
cyanobiphenyl, and 4'-w-cyanoalkoxy-4-cyanoterphenyl compounds bind similarly,
within rounding error of 0.01 eV, to the same metal salt. This is consistent with the
discussion above and that PhCN is an adequate surrogate molecule of SCB. We do see,
however, difference between the Gge of mesogens related to different metal salts. Ggg of
each cyano-terminated mesogen is -0.45, -0.56, and -1.06 eV for Al(ClO4)3, Ga(ClO4)3,
and Ni(ClO4)2 metal salts, respectively, which is similar to what we have found for
fluorine terminated mesogens [14]. Based on previous results [5, 30, 31], negative Ggg

predicts homeotropic alignment at the mesogen-metal salt interface.

6. Anchoring of LCs supported on metal salts surfaces

Guided by the computational prediction that 4'-m-cyanoalkoxy-4-cyanobiphenyl binds
strongly with metal cation perchlorate salts and that they should adopt homeotropic
(perpendicular) ordering, we performed the experiments using LC cells composed of two
identically prepared metal salt-decorated surfaces to eliminate the confounding influence
of LC-air interface on the orientation of LC. The experimental methods in this section

can be found in our previous work. [30] Consistent with the negative Ggg values (around



-1 eV for binding with Ni(ClO4)2), CN4OCB, CN50CB, and the mixture of CN5OCB
and CN70CB in 50%:50% molar ratio adopted homeotropic (perpendicular) ordering on
surfaces supported with Ni(ClO4), metal salts individually (Figure 15 a). Moreover, we
hypothesize that the nitrile substituted chain may perturb the smetic layer at the air
interface, thus the LC anchoring at the LC-air interface would assume a parallel (planar)
orientation. [38] To study this anchoring at the LC-air interface, we filled single LCs or
LC mixtures in copper-TEM grids with bottom surfaces coated with 94.4+2.5 pmol/mm?
Ni(ClO4); metal salts, leaving the top surface exposed to air. We observed bright cross-
polarized images for all samples (CN4OCB, CN50CB, and the mixture of CN50OCB and
CN70CB in 50%:50% molar ratio) in TEM grids (Figure 15 b). This observation
suggests that the LC anchoring at the LC-air interface is planar, because the anchoring of
LC at LC-metal salts surface is controlled to be homeotropic that was confirmed in LC
cell setup. Additionally, a SCB (K series with n=5) was tested in both LC cell and TEM
grid setups in our past study [30]. The 5CB adopts hometotropic ordering at both the LC-
Ni(ClO4); interface and the LC-air interface. This validates the idea that the nitrile
substituted chain has an influence on anchoring at LC-air interface. In terms of
pentafluorophenyloxy or chlorine tail terminated LCs, we also performed the similar
anchoring test on Ni(ClO4)>-coated surfaces (S1.6). Similar to CNxOCB LCs, the mixture
of PF60OCB and CISOCB in 50%:50% molar ratio has homeotropic anchoring at

Ni(ClOg); surface but has planar anchoring at LC-air interface.
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Figure 15. Cross-polarized images of CN4OCB, CN50CB, and the mixture of CNSOCB
and CN70CB in 50%:50% molar ratio, schematic illustration of the experimental setup
and LC director profile (a) when it is sandwiched between two Ni(ClO4); salt-decorated
glass interfaces with surface density of 94.4+2.5 pmol/mm? or (b) when it is confined
between a Ni(ClO4), -decorated surface with surface density of 94.4+2.5 pmol/mm? and

an air interface. The scale bars represent 200 pm.
6. Conclusions

In this work the synthesis and mesogenic properties of a series of cyano tail terminated
alkoxy and alkyl CB and CT compounds was presented. Comparison with the non-
functionalized K series and M series indicates that terminal cyano group generally
increases the K-N transition temperatures and the clearing points but also enhances the
supercooling properties. Furthermore, a series of binary LC mixtures formed by the
terminal functionalized compounds were investigated and found exhibiting promising
room temperature nematic phases with wide ranges. Based on the Ggg values we
calculated, the cyano tail terminated LCs were found adopting homeotropic ordering on
surfaces supported with Ni(ClO4)> metal salts. Moreover, the nitrile substituted chain
perturbs the formation of smetic layers of molecules and leads to planar anchoring at the

air interface. Further anchoring study of these materials is on the way.
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SI.1 Synthesis of cyano tail-terminated cyanobiphenyl/terphenyl compounds

NCO(CHz)n—CN

n =2, CN2OCB (using acrylonitrile)

e W S

In a 200 ml recovery flask with stirbar was placed 4-hydroxycyanobiphenyl (1.95 gm, 10.0
mmol), acrylonitrile (20 ml), ~BuOH (30 mg, 0.04 mmol) and DMAP (50 mg, 0.04 mmol). The
flask was fitted with a bump trap as condenser and the mixture was heated with stirring in a 90°C
oil bath for 72 hours (after which time only a small amount of starting material remained). The
mixture was stirred in an ice water bath and 2% aqueous HCl was added dropwise with stirring to
fill the flask. A solid precipitate appeared and after stirring 15 min in the ice bath it was collected
by suction filtration, washed well with water and air dried. This material was taken up in boiling
methanol which was hot filtered. Upon cooling crystals appeared which were collected by suction
filtration, washed with cold ethanol and air dried. The product was collected as white needle
crystals in two crops totaling 2.17 gm (88%). MP: 186 °C. 'H NMR (400 MHz, CDCls) &
(ppm): 7.71-7.61 (m, 4H), 7.52 (td, 'J = 8.4 Hz, >J = 1.6 Hz, 2H), 6.98 (td, 'J= 8.8 Hz, 2/
= 2.0 Hz, 2H), 4.26 (t, J = 6.4 Hz, 2H), 2.86 (t, J = 6.4 Hz, 2H); >*C NMR (100 MHz,
CDCl3) o8 (ppm): 158.6, 144.9, 132.9, 132.6, 128.6, 127.2, 118.8, 116.1, 115.4, 110.1,
62.9, 18.6; IR (cm™'): 2972, 2938, 2249, 2224, 1602, 1494, 1241, 1181, 813.

General Procedure A for the synthesis of cyano tail-terminated alkoxy cyanobiphenyl
compounds (n = 3-6)

O Oron 2 e Do
2/n



In a 200 ml round bottom flask was placed 4-cyano-4'-hydroxybiphenyl (1.0 equiv.),
o,,-bromoalkylnitrile (1.0 equiv.), dry DMF (1.0 ml per 1.0 mmol substrate), potassium
carbonate (2.0 equiv.) and potassium iodide (0.1 equiv.). The resulting suspension was
stirred overnight at room temperature and the reaction was monitored by TLC analysis.
Upon completion, water was added dropwise with stirring to fill the flask and then the
precipitate was collected by vacuum filtration. In some cases when no precipitate was
found, the mixture was extracted with dichloromethane. The crude product was

recrystallized from methanol.

n =3, CN3OCB (by General Procedure A)

e W S

2.11 g, 81% yield after recrystallization from methanol.

'"H NMR (400 MHz, CDCI3) § (ppm): 7.69 (d, J = 8.0 Hz, 2H), 7.63 (d, J = 8.4 Hz, 2H),
7.53 (td, 'J = 8.8 Hz, 2J = 3.2 Hz, 2H), 7.00 (td, 'J = 9.2 Hz, 2J = 2.8 Hz, 2H), 4.14 (t, J =
6.0 Hz, 2H), 2.63 (t, J = 7.2 Hz, 2H), 2.18 (m, 2H); >*C NMR (100 MHz, CDCls) & (ppm):
159.0, 145.1, 132.6, 132.1, 128.5, 127.2, 119.1, 115.1, 110.3, 65.4, 25.4, 14.2. IR (cm™):
2937, 2876, 2246, 2225, 1602, 1494, 1244, 1183, 826. GC-MS: 262.25 found 262.31 calc.
POM: K 138179 N 71 K

DSC: K 1379179.0 N 70.9 K

n =4, CN4OCB (by General Procedure A)

e W S

870 mg, 63% yield after recrystallization from methanol.



'H NMR (400 MHz, CDCl3) § (ppm): 7.70 (td, 'J = 8.0 Hz, 2/ = 0.8 Hz, 2H), 7.64 (td, 'J
= 8.0 Hz, 27 = 0.8 Hz, 2H), 7.53 (td, 'J = 8.8 Hz, 2/ = 2.8 Hz, 2H), 6.9 (td, 'J = 8.8 Hz,
27=12.8 Hz, 2H), 4.07 (t, J = 6.0 Hz, 2H), 2.47 (t, J = 6.8 Hz, 2H), 2.01-1.90 (m, 4H); 13C
NMR (100 MHz, CDCls) & (ppm): 159.3, 145.1, 132.6, 131.8, 128.4, 127.1, 119.5, 119.1,
115.0, 110.2, 66.8, 28.2, 22.4, 17.1. IR (cm’'): 2937, 2876, 2243, 2221, 1601, 1493, 1249,
1179, 827. GC-MS: 276.24 found 276.33 calc.

DSC: K 93.1161.2N37.8K

POM: K 93162 N 28 K

n =5, CNS5OCB (by General Procedure A)

e W S

1.0 g, 69% yield after recrystallization from methanol.

"H NMR (400 MHz, CDCl;3) § (ppm): 7.69 (td, 'J = 8.4 Hz, 2J = 1.6 Hz, 2H), 7.64 (dd, 'J
= 8.0 Hz, 2J = 1.2 Hz, 2H), 7.53 (td, 'J = 8.8 Hz, 2J = 3.2 Hz, 2H), 6.99 (td, 'J = 8.8 Hz,
2J = 2.0 Hz, 2H), 4.03 (t, J = 6.0 Hz, 2H), 2.40 (t, J = 6.8 Hz, 2H), 1.85 (m, 2H), 1.79-
1.65 (m, 4H); 3C NMR (100 MHz, CDCls) § (ppm): 159.5, 145.2, 132.6, 131.5, 128.4,
127.1, 119.6, 119.1, 115.1, 110.1, 67.5, 28.5, 25.4, 25.2, 17.2. IR (cm™): 2950, 2909,
2872, 2244, 2223, 1600, 1494, 1246, 1180, 811. GC-MS: 290.23 found 290.36 calc.

DSC: K 658N 76.7175.6 N4.9K

POM: K 67.8 N77.3176.8 N

n =6, CN60OCB (by General Procedure A)

e W S

1.2 g, 79% yield after recrystallization from methanol.



'H NMR (400 MHz, CDCl3) § (ppm): 7.69 (td, 'J = 7.6 Hz, 2/ = 1.2 Hz, 2H), 7.63 (dd, 'J
= 6.8 Hz, 27 = 2.0 Hz, 2H), 7.53 (td, 'J = 6.4 Hz, 2/ = 5.2 Hz, 2H), 6.9 (td, 'J = 8.8 Hz,
27=12.8 Hz, 2H), 4.02 (t, J = 6.0 Hz, 2H), 2.37 (t, J = 7.2 Hz, 2H), 1.83 (m, 2H), 1.73 (m,
2H), 1.57-1.53 (m, 4H); '*C NMR (100 MHz, CDCL3) § (ppm): 159.6, 145.2, 132.6, 131.4,
128.4, 127.1, 119.7, 119.1, 115.1, 110.1, 67.8, 28.9, 28.4, 25.4, 25.3, 17.1. IR (cm’!):
2935, 2856, 2247, 2224, 1600, 1493, 1181, 818. GC-MS: 304.32 found 304.39 calc.

DSC: K 97.1168.3K

POM: K971

n =5, CISOCB (by General Procedure A)

1-Bromo-5-chloropentane (5.0 mmol, 927 mg) was used. White crystals recrystallized

from methanol. (890 mg, yield: 60%)

'"H NMR (400 MHz, CDCl3) & (ppm): 7.70 (m, 2H), 7.64 (m, 2H), 7.53 (td, 'J = 8.8 Hz,
2J=2.8 Hz, 2H), 6.99 (td, 'J = 8.8 Hz, 2J = 2.8 Hz, 2H), 4.03 (t, J= 5.6 Hz, 2H), 3.58 (t,
J = 6.8 Hz, 2H), 1.91-1.82 (m, 4H), 1.65 (m, 2H); *C NMR (100 MHz, CDCls) & (ppm):
159.3, 145.2, 132.6, 131.4, 128.4, 127.1, 119.1, 115.1, 110.1, 67.8, 44.9, 32.3, 28.5, 23.5.
GC-MS:299.18 found 299.79 calc.

Synthesis of the cyano tail terminated compounds CN70CB, CN5CB, CB6CB and
CN7CB was accomplished by substitution of the relevant hydroxy tail terminated

intermediates. (General Procedure B)

4'-[(7-Hydroxyheptyl)oxy]-4-cyanobiphenyl

CN CN
‘ HO” """ OH ‘
-
O PPhs, DIAD @
THF
OH OC7H44OH



In a 100 ml round bottom flask with stirbar was placed 4’-hydroxy-4-cyanobiphenyl (2.7
g, 13.8 mmol), triphenylphosphine (4.5 g, 16.5 mmol), 1,7-heptanediol (2.2 g, 16.5 mmol)
and dry THF (25 ml). The resulting solution was chilled in an ice bath and
diethylazodicarboxylate (94%, 3.5 g, 16.5 mmol) was added in portions over ten minutes.
The mixture was allowed to warm to room temperature and monitored by TLC until
completion. The mixture was allowed to stir overnight, and the reaction was terminated
by addition of silica gel and the mixture was concentrated to dryness. The adsorbed
material was placed at the top of a column made up with 20% ethyl acetate / 80%
hexanes and eluted with a gradient up to ethyl acetate and hexanes (1:4). Fractions
containing only the desired product were combined and concentrated to give the desired

product as a white solid (2.4 g, 56%).

'H NMR (400 MHz, CDCls) & (ppm): 7.68 (dd, 'J = 6.4 Hz, 27 = 1.6 Hz, 2H), 7.63 (dt, 'J
= 8.0 Hz, 27 = 1.6 Hz, 2H), 7.51 (dd, 'J = 7.2 Hz, %/ = 2.4 Hz, 2H), 6.98 (d, J = 8.8 Hz,
2H), 3.99 (t, J = 6.8 Hz, 2H), 3.65 (t, J = 6.4 Hz, 2H), 1.81 (m, 2H), 1.58 (q, J = 2.4 Hz,
2H), 1.51-1.40 (m, 6H); '3C NMR (100 MHz, CDCl3) & (ppm): 159.8, 145.3, 132.6, 131.3,
1283, 127.1, 119.2, 115.1, 110.0, 68.1, 62.9, 32.7, 29.2, 26.0, 25.7.

4’-[[7-[[(4-methylphenyl)sulfonyl]heptyl|oxyl]-4-cyanobiphenyl

CN CN
® o
DCM
-
<N ¢
OC7H140H OC7H4,0Ts

A 100 mL flask was charged with 4'-[(7-hydroxyheptyl)oxy]-4-cyanobiphenyl (2.0 g, 6.7
mmol), triethylamine (0.89 g, 8.7 mmol) and DCM (6.0 mL). The mixture was cooled to
a temperature of about 5°C to 15°C and cautiously charged with a solution of p-
toluenesulfonyl chloride (1.28 g, 6.7 mmol) in DCM (5.0 mL) over 30 minutes via

additional funnel. Once the addition was complete, the reaction mixture was warmed to
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18 °C to 22 °C and stirred for 12 hours. To this solution was added 6N hydrochloric acid
(0.55 mL) cautiously while maintaining temperature below 25 °C. The aqueous phase
was removed, and the organic phase was washed with water and dried over magnesium
sulfate. The product was purified by column chromatography to afford a low melting
white solid (Yield: 2.1 g, 68%)

'"H NMR (CDCls, 400 MHz) § (ppm): 7.78 (dt, 'J = 6.4 Hz, 2J = 2.0 Hz, 2H), 7.69-7.63
(m, 4H), 7.51 (m, 2H), 7.34 (m, 2H), 6.98 (m, 2H), 4.02 (m, 4H), 2.44 (s, 3H), 1.73 (m,
2H), 1.41 (m, 2H), 1.34-1.26 (m, 6H); '*C NMR (CDCls;, 100 MHz) § (ppm): 159.7,
145.3, 144.7, 133.2, 132.6, 131.3, 129.8, 128.4, 127.9, 127.1, 119.2, 115.1, 110.2, 70.6,
68.0, 29.1, 28.8, 28.7, 25.8, 25.3, 21.7.

n=7,CN70CB

e W S

To a solution of 4’-[[7-[[(4-methylphenyl)sulfonyl]heptyl]oxyl]-4-cyanobiphenyl (1.1 g,
3.0 mmol) in DMSO (15 mL) was added NaCN (186 mg, 3.8 mmol). The mixture was
stirred for 8 hours at 60 °C then at room temperature overnight. The residue was diluted
with water (30 mL) and extracted with diethyl ether (15 mL). The organic phase was
dried over magnesium sulfate and evaporated under reduced pressure. The desired
product was separated by column chromatography eluted by ethyl acetate:hexane (1:4) as
white crystals, which was then recrystallized from methanol as a white solid. (Yield: 440
mg, 46%)

'"H NMR (CDCls, 400 MHz) § (ppm): 7.69 (td, 'J = 8.0 Hz, 2J = 0.8 Hz, 2H), 7.64 (td, 'J
= 8.0 Hz, 2J = 1.2 Hz, 2H), 7.53 (td, 'J = 8.8 Hz, 2J = 2.4 Hz, 2H), 6.99 (dd, 'J = 6.4 Hz,
2J=2.0 Hz, 2H), 4.01 (t, J = 6.4 Hz, 2H), 2.36 (t, J = 7.2 Hz, 2H), 1.82 (m, 2H), 1.69 (m,
2H), 1.52 (m, 4H), 1.43 (m, 2H); *C NMR (CDCls, 100 MHz) § (ppm): 160.1, 145.7,
133.0, 132.9, 131.8, 128.7, 128.5, 119.5, 115.5, 110.5, 68.3, 29.5, 29.0, 28.9, 28.8, 26.2,
25.7, 17.5; IR (cm™): 2933, 2866, 2246, 2219, 1600, 1494, 1248, 1179, 817; GC/MS:
318.25 found 318.41 calc.

POM: K 60.8 N 70.8 1 70.7 N 27 1



The cyanoalkyl cyanobiphenyl compounds (n = 5-7) were synthesized by General

Procedure B.

n =5, CN5CB (by General Procedure B)

800 mg, 80% yield. A white solid.

'"H NMR (CDCls, 400 MHz) & (ppm): 7.72 (td, 'J = 8.0 Hz, 2J = 0.8 Hz, 2H), 7.66 (td, 'J
= 8.0 Hz, 2J = 1.2 Hz, 2H), 7.52 (td, 'J = 8.8 Hz, 2J = 2.4 Hz, 2H), 7.28 (dd, 'J = 6.4 Hz,
2J=2.0 Hz, 2H), 2.69 (t, J= 7.6 Hz, 2H), 2.35 (t, J= 7.2 Hz, 2H), 1.69 (m, 4H), 1.54 (m,
2H); 3C NMR (CDCl;, 100 MHz) & (ppm): 145.5, 142.8, 136.8, 132.6, 129.2, 127.5,
127.2,119.7, 119.0, 110.6, 35.3, 30.5, 28.3, 25.3, 17.1;

POM: K 65.8125K

n = 6, CN6CB (by General Procedure B)

NC(CH2)6—CN

32 mg, recrystallized from methanol, 40% yield.

'H NMR (CDCls, 400 MHz) & (ppm): 7.71 (td, 'J = 8.0 Hz, 2/ = 0.8 Hz, 2H), 7.67 (td, 'J
= 8.0 Hz, 2J = 1.2 Hz, 2H), 7.51 (td, 1J = 8.8 Hz, 2J = 2.4 Hz, 2H), 7.28 (dd, 'J = 6.4 Hz,
2J=2.0 Hz, 2H), 2.68 (t, J = 7.6 Hz, 2H), 2.34 (t, J = 6.8 Hz, 2H), 1.66 (m, 4H), 1.50 (m,
2H), 1.42 (m, 2H); '3C NMR (CDCls, 100 MHz) & (ppm): 145.5, 143.2, 136.7, 132.6,
129.2, 127.5, 127.2, 119.7, 119.0, 110.6, 35.4, 31.0, 28.5, 28.4, 25.3, 17.1; IR (cm’)):
2935, 2857, 2247, 2226, 1605, 1494, 812; GC/MS: 288.26 found 288.39 calc.



DSC; K61 135N -7K

POM: K 60134 N

n =7, CN7CB (by General Procedure B)

07033KW

NC(CH2)7—CN

29 mg, recrystallized from methanol, 24% yield.

'"H NMR (CDCls, 400 MHz) & (ppm): 7.71 (td, 'J = 8.0 Hz, 2J = 0.8 Hz, 2H), 7.67 (td, 'J
= 8.0 Hz, 2J = 1.2 Hz, 2H), 7.50 (td, 'J = 8.8 Hz, 2J = 2.4 Hz, 2H), 7.28 (dd, 'J = 6.4 Hz,
2J=2.0 Hz, 2H), 2.67 (t, J= 7.2 Hz, 2H), 2.34 (t, J= 7.2 Hz, 2H), 1.66 (m, 4H), 1.46 (m,
2H), 1.39 (m, 4H); '3*C NMR (CDCls;, 100 MHz) & (ppm): 145.6, 143.4, 136.6, 132.6,
129.2, 127.5,127.1, 119.8, 119.0, 110.6, 35.5, 31.2, 28.9, 28.6, 28.5, 25.3, 17.1; IR (cm™"):
2920, 2854, 2246, 2224, 1604, 1495, 820; GC/MS: 302.29.26 found 302..41 calc.

POM: K 66136 K

Synthesis of Cyano-terminated alkoxy cyanoterphenyl compounds CNnOCT

o AP pon M o T A -ommen 2-30

Procedure for the synthesis of 1-bromo-4-hydroxybiphenyl

4-acetoxybiphenyl. A 500 mL round bottom flask was charged with 4-phenylphenol (125
g, 0.7 mol), acetic anhydride (112.5 g, 1.1 mol), and concentrated sulfuric acid (cat.).
The flask was fitted with a reflux condenser and was heated under nitrogen in an oil bath

for 3 hours. Reaction progress was monitored by TLC, noting the disappearance of the
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spot for 4-phenylphenol and the appearance of a single spot for the product. The flask
was removed from the oil bath, and water (~400 mL) was added to precipitate the product,
and the product was dried by vacuum filtration. The product was purified by
recrystallization from ethanol, giving the product as a white powder (152.8 g, 98%); mp
87 °C. 'H-NMR (400 MHz, CDCl3): 7.62 (d, J= 8.76 Hz, 2H); 7.59 (d, J= 7.04 Hz, 2H);
7.46 (dd, J=7.52 Hz, 7.52 Hz, 2H); 7.38 (t, J= 7.34 Hz, 1H); 7.19 (d, J= 8.68 Hz, 2H);
2.36 (s, 3H).IR (Neat): 1748, 1598, 1515, 1484, 1428, 1372, 1217, 1193, 1165, 1106,
1052, 1017, 1008, 942, 906, 850, 832, 765, 735, 967, 650 cm.

4-bromo-4’-acetoxybiphenyl. A 500 mL round bottom flask was charged with 4-
acetoxybiphenyl (100.0 g, 471.0 mmol), sodium carbonate (149.8 g, 1.4 mol), and
1,1,2,2-tetrachloroethane (100 mL). A reflux condenser was attached, and the contents of
the flask were heated under nitrogen to 50 °C in an oil bath. To this solution, a solution
of bromine (113.0 g, 707.0 mmol) in 1,1,2,2-tetrachloroethane (100 mL) was added
dropwise and the mixture was stirred overnight. Reaction completion was observed by
TLC, noting the disappearance of the spot for 4-acetoxybiphenyl and the appearance of a
new spot for the product. The solvent was removed under vacuum, and the product was
washed with a 10% solution of sodium thiosulfate. The product was dried by vacuum
filtration, giving the crude product. The crude product was purified by recrystallization
from toluene, giving the product as white crystals (118.2 g, 86%); mp 132 °C. 'H-NMR
(400 MHz, CDCl): 7.59 (d, 2H); 7.57 (d, 2H); 7.44 (d, 2H); 7.19 (d, 2H); 2.35 (s, 3H).
IR (Neat): 1747, 1479, 1194, 1071, 1001, 908, 822, 802, 746 cm.

4-bromo-4’-hydroxybiphenyl. A 2 L round bottom flask was charged with 4-bromo-4’-
acetoxybiphenyl (38.9 g, 133.0 mmol), and sodium hydroxide (38.9 g, 972.0 mmol, in
780 mL 80% aqueous ethanol). A reflux condenser was attached, and the solution was
refluxed with stirring overnight. The contents of the flask were cooled to room
temperature, and the ethanol was removed by rotary evaporation. Water (~700 mL) was

added to the flask to redissolve the solid products, and the solution was neutralized with
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hydrochloric acid. The precipitate was collected and dried by vacuum filtration. The
crude product was purified by recrystallization from a 1/4 solution of ethanol/water,
giving the product as white crystals (31.1 g, 94%), mp 159 °C. NMR (400 MHz, CDCI3):
'H-NMR (400 MHz, CDCl3): 9.63 (s, 1H); 7.57 (d, J= 8.64 Hz, 2H); 7.53 (d, J= 8.68 Hz,
2H); 7.51 (d, J= 8.64 Hz, 2H); 6.85 (d, J= 8.64 Hz, 2H). IR (Neat): 3395, 1592, 1522,
1474, 1439, 1371, 1222, 1079, 998, 810, 727 cm™".

The 4"-hydroxy-4-cyanoterphenyl was prepared by a Suzuki coupling of 1-bromo-4-
hydroxybiphenyl with 4-cyanophenylboronic acid'.

n =3, CN3OCT (General Procedure A)

110 mg, 57% yield after recrystallization from acetonitrile.

7.72 (m, 4H), 7.66 (m, 4H), 7.58 (td, 'J = 8.8 Hz, 2J = 3.2 Hz, 2H), 7.00 (td, 'J = 8.8 Hz,
2] = 2.8 Hz, 2H), 4.15 (t, J = 5.6 Hz, 2H), 2.63 (t, J = 6.8 Hz, 2H), 2.18 (m, 2H); 1*C
NMR (100 MHz, CDCl3) & (ppm): 158.3, 145.2, 141.0, 137.4, 133.3, 132.7, 128.2, 127.6,
127.5, 127.4, 119.0, 114.9, 110.8, 65.4, 25.5, 14.2. IR (cm™): 2949, 2927, 2877, 2251,
2225, 1597, 1487, 1254, 1045, 810. GC-MS: No peak

DSC: K 172N 2861286 N 162 K

POM: K 173 N 2841284 N 165 K

n =4, CN4OCT (General Procedure A)

140 mg, 70% yield after recrystallization from acetonitrile.

'"H NMR (400 MHz, CDCl3) § (ppm): 7.73 (dt, 'J = 8.8 Hz, 2J = 1.2 Hz, 4H), 7.65 (m,
4H), 7.58 (td, 'J = 8.8 Hz, 2J = 2.8 Hz, 2H), 6.99 (td, 'J = 8.8 Hz, 2J = 3.2 Hz, 2H), 4.07
(t, J = 5.6 Hz, 2H), 2.48 (t, J = 6.8 Hz, 2H), 2.02-1.90 (m, 4H); '3C NMR (100 MHz,
CDCl3) & (ppm): 158.6, 145.2, 141.1, 137.4, 132.9, 132.7, 128.2, 127.6, 127.5, 127.3,
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119.5, 119.0, 115.0, 110.8, 66.8, 28.2, 22.5, 17.0. IR (cm™): 2937, 2876, 2243, 2228,
1598, 1488, 1255, 1029, 809. GC-MS: No peak
DSC: K 141 N 2691269 N 134 K

POM: K 140 N 267.1 1267.1 N 136 K

n =5, CNSOCT (General Procedure A)

182 mg, 62% yield after recrystallization from acetonitrile.

"H NMR (400 MHz, CDCls) § (ppm): 7.72 (d, J = 9.2 Hz, 4H), 7.66 (m, 4H), 7.57 (td, 'J
= 8.8 Hz, 2J = 3.2 Hz, 2H), 6.99 (td, 'J = 9.2 Hz, 2J = 3.2 Hz, 2H), 4.04 (t, J = 6.0 Hz,
2H), 2.41 (t, J = 6.8 Hz, 2H), 1.86 (m, 2H), 1.77 (m, 2H), 1.68 (m, 2H); '*C NMR (100
MHz, CDCl;) & (ppm): 158.8, 145.2, 141.2, 137.3, 132.7, 132.6, 128.1, 127.6, 127.5,
127.3,119.0, 114.9, 110.8, 67.5, 28.5, 25.4,25.2, 17.2. IR (cm™"): 2944, 2910, 2870, 2246,
2226, 1598, 1488, 1251, 808. GC-MS: No peak.

DSC: K 154 Sm 177 N 264 1263 N 172 Sm 145 K

POM: K 155 Sm 177 N 258 1257 N 172 Sm 145 K1 100 K

n =6, CN60OCT (General Procedure A)

W Wy S

125 mg, 58% yield after recrystallization from acetonitrile.

'"H NMR (400 MHz, CDCls) & (ppm): 7.71 (m, 4H), 7.66 (m, 4H), 7.57 (td, 'J = 8.8 Hz,
2J=2.8 Hz, 2H), 6.99 (td, 'J = 8.8 Hz, 2J = 2.8 Hz, 2H), 4.02 (t, J = 6.4 Hz, 2H), 2.38 (t,
J =72 Hz, 2H), 1.84 (m, 2H), 1.72 (m, 2H), 1.55 (m, 2H); *C NMR (100 MHz, CDCl;)
& (ppm): 159.0, 145.2, 141.2, 137.3, 132.6, 132.5, 128.5, 128.1, 127.6, 127.5, 127.3,
119.7,119.0, 114.9, 110.8, 67.7, 29.0, 28.4, 25.4,25.4, 17.1. IR (cm™'): 2933, 2861, 2251,
2227, 1600, 1490, 1468, 1252, 811. GC-MS: No peak

DSC: K 133 Sm 160 N 248 1247 N 154 Sm 105 K
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POM: K 146 Sm 158 N 244.71244.6 N 154 Sm 105 K

SI.2 Synthesis of PF60OCB

FF

Br{CHy)sOH DMF, KGO
R s W R W G
KzC05, CHCN CgFs
F F

4'-[(6-hydroxyhexyl)oxy[|-4-cyanobiphenyl. To a stirred solution of 4’-hydroxy-4-
cyanobiphenyl (0.8 g, 4.6 mmol) in acetonitrile (35 mL) was added potassium carbonate
(1.3 g, 9.2 mmol) and the mixture was kept under reflux for half an hour. Then 6-
bromohexanol (1.0 g, 5.52 mmol) was added and the reaction was stirred overnight under
reflux. After cooling, the solvent was removed under reduced pressure and the product
was extracted with dichloromethane (50 mL), washed with water (150 mL), dried over
magnesium sulfate filtered and evaporated. The crude product was subjected to flash
column chromatography on silica gel (ethyl acetate and hexane 15%: 85%) to afford the
desired product; (1.02 g, 75%).

'"H NMR (400 MHz, CDCls) § (ppm): 7.68 (d, J = 8.68 Hz, 2H), 7.63 (d, J = 8.68 Hz,
2H), 7.52 (d, J = 8.88 Hz, 2H), 6.98 (d, J = 8.78 Hz, 2H), 4.01 (t, J = 6.49 Hz, 2H), 3.69-
3.65 (m, 2H), 1.85-1.81 (m, 2H), 1.64-1.60 (m, 2H), 1.52-1.45 (m, 4H); '*C NMR (100
MHz, CDCL) & (ppm): 159.75, 145.28, 132.58, 131.31, 128.32, 127.09, 119.15, 115.08,
110.03, 68.01, 62.89, 32.67, 29.20, 25.90, 25.56.

PF60CB. In a 200 ml round bottom flask was placed 4'-[(6-hydroxyhexyl)oxy]-4-
cyanobiphenyl (2.95 g, 10.0 mmol), hexafluorobenzene (3.72 g, 20.0 mmol. 2.0 equiv.),
dry DMF (15.0 ml), potassium carbonate (1.38 g, 10.0 mmol, 1.0 equiv.) and potassium
iodide (0.1 equiv.). The resulting suspension was stirred at 40-50 °C overnight and the
reaction was monitored by TLC analysis. Upon completion, water was added dropwise
with stirring to fill the flask and then the mixture was extracted with ethyl acetate. The
organic layers were washed with water and dried over MgSOs4. The product was purified

by flash chromatography as a low melting white solid. (2.6 g, 57%)
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'H NMR (400 MHz, CDCls) & (ppm): 7.70 (m, 2H), 7.64 (m, 2H), 7.53 (dd, 'J = 6.8 Hz,
27=12.8 Hz, 2H), 6.99 (td, 'J = 8.8 Hz, 27 = 3.2 Hz, 2H), 4.17 (t, J = 6.4 Hz, 2H), 4.03 (t,
J = 6.4 Hz, 2H), 1.87-1.80 (m, 4H), 1.58-1.55 (m, 4H); '3C NMR (100 MHz, CDCls) &
(ppm): 159.7, 145.3, 132.6, 131.4, 128.4, 127.1, 119.1, 115.1, 110.1, 75.6, 67.9, 29.8,
29.1,25.7,25.3; '9F NMR (376 MHz, CDCl3) & (ppm): -156.93 (m, 2F), -163.43 (m, 2F),
-163.67 (m, 1F).

CISOCB (General Procedure A)

NCO(CH2)5—CI

White crystals recrystallized from methanol. (890 mg, yield: 60%)

"H NMR (400 MHz, CDCl;3) & (ppm): 7.70 (m, 2H), 7.64 (m, 2H), 7.53 (td, 'J = 8.8 Hz,
2J=2.8 Hz, 2H), 6.99 (td, 'J = 8.8 Hz, 2J = 2.8 Hz, 2H), 4.03 (t, J = 5.6 Hz, 2H), 3.58 (t,
J=6.8 Hz, 2H), 1.91-1.82 (m, 4H), 1.65 (m, 2H); 3C NMR (100 MHz, CDCls) § (ppm):
159.3,145.2, 132.6, 131.4, 128.4, 127.1, 119.1, 115.1, 110.1, 67.8, 44.9, 32.3, 28.5, 23.5.
GC-MS:299.18 found 299.79 calc.
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SI. 4 The DSC plots of the cyano tail terminated liquid crystals that are not shown
in the main text. (The second heating cooling cycle is shown for all cases)
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SI.5. Dipole moment and Gibbs Free Energy of adsorption for cyano-terminated
compounds

Table SI.1. Calculated dipole moment of the 4'-w-cyanoalkyl-4-cyanobiphenyl, 4'-o-
cyanoalkoxy-4-cyanobiphenyl, and 4'-w-cyanoalkoxy-4-cyanoterphenyl compounds. ‘n’

indicates the number of CHz groups defined by the molecular formula in each column.

2 8.07 8.38 8.42

3 8.35 8.39 8.43
4 8.48 8.79 8.91
5 8.63 8.81 8.93
6 8.71 9.23 9.49
7 9.01 9.72 9.82

Table SL.2. Calculated Gibbs Free Energy of adsorption (Ggg; in eV) for the 4'-o-
cyanoalkyl-4-cyanobiphenyl, 4'-w-cyanoalkoxy-4-cyanobiphenyl, and 4'-w-cyanoalkoxy-
4-cyanoterphenyl compounds onto AI(ClO4)3, Ga(ClO4)3, and Ni(ClO4)2. Here ‘n’
indicates the number of CH> groups defined by the molecular formula in each column.
‘Ph’ and ‘CH>’ refer to the neighboring group of the coordinating CN, thus identifying

which CN end of the compound binds to the metal cation.

AlCIO,);  Ga(Cloy); Ni(ClO,), AICIO); Ga(ClO,); Ni(CIO), AlCIO,); Ga(ClOy);  Ni(ClO,),

Ph CH, Ph CH, Ph CH, Ph CH, Ph CH, Ph CH, Ph CH, Ph CH, Ph CH,
2 045 -0.45 -0.56 -0.56 -1.06 -1.04 -0.46 -0.24 -0.56 -0.35 -1.07 -1.00 -0.44 -0.31 -0.56 -0.41 -1.06 -1.00
3 .0.45 -0.45 -055 -0.54 -1.06 -1.05 -0.46 -0.36 -0.55 -0.45 -1.07 -1.02 -0.45 -0.38 -0.56 -0.46 -1.05 -1.00
4 045 -0.44 -056 -056 -1.07 -1.06 -0.45 -0.41 -056 -0.50 -1.07 -1.08 -0.45 -0.39 -0.55 -0.52 -1.06 -1.04
5 .045 -0.44 -057 -0.57 -1.06 -1.05 -0.45 -0.41 -0.57 -0.51 -1.08 -1.07 -0.45 -0.40 -0.57 -0.53 -1.05 -1.05
6 -0.46 -0.44 -0.56 -0.56 -1.06 -1.04 -0.46 -0.41 -0.55 -0.54 -1.08 -1.07 -0.45 -0.40 -0.55 -0.55 -1.05 -1.04

7 -0.46 -044 -057 -056 -1.06 -1.06 -0.45 -0.41 -0.55 -0.54 -1.07 -1.07 -0.44 -0.40 -0.56 -0.56 -1.05 -1.04
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SI.6. Anchoring Study of the Binary Mixtures of PF6OCB and CISOCB in 50%

Molar Ratio on Ni(ClO4)2-Coated Surfaces and Air Free Interface
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tChen L, Chen Y, Zhou W, et al. Synthesis and properties of light-emitting
polythiophene derivatives bearing terphenyl mesogenic pendant, Mol Cryst Liq Cryst.

2010; 518(1): 70-83.
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