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Principles for Measurement of
Chemical Exposure Based on
Recognition-Driven Anchoring

Transitions in Liquid Crystals
Rahul R. Shah* and Nicholas L. Abbott}

The competitive binding of a molecule forming a liquid crystal and a targeted
analyte to a common molecular receptor presented at a solid surface possessing
nanometer-scale topography is used to trigger an easily visualized surface-
driven change in the orientation of a micrometer-thick film of liquid crystal.
Diffusion of the targeted analyte from atmosphere to surface-immobilized
receptor across the micrometer-thick film of liquid crystal is fast (on the order
of seconds), and the competitive interaction of the targeted analyte and liquid
crystal with the receptor provides a high level of tolerance to nontargeted
species (water, ethanol, acetone, and hexanes). Systems that provide parts-
per-billion (by volume) sensitivity to either organoamine or organophosphorus
compounds are demonstrated, and their use for imaging of spatial gradients in
concentration is reported. This approach does not require complex instrumen-
tation and could provide the basis of wearable personalized sensors for mea-
surement of real-time and cumulative exposure to environmental agents.

To understand accumulation and toxicity
trom environmental exposure, it is necessary
to be able to selectively detect a variety of
synthetic organic chemicals (/). Whereas
highly sensitive methods of detection of spe-
cific chemical compounds do exist (2), these
methods require laboratory-based instrumen-
tation and thus are not suited for measure-
ment of personal exposure (3). We report an
alternative approach where surface-driven,
orientational transitions in supported films of
liquid crystals (LCs) (4—6) are triggered by
exposure to parts-per-billion (ppb) vapor
concentrations of targeted low molecular
weight molecules, including organoamine
and organophosphorus compounds. The rec-
ognition-driven change is used to visually
detect instantaneous or cumulative exposure
to a targeted compound. Fabrication of the
detection system is sufficiently simple that it
may find use as the basis of wearable person-
al sensors for exposure to environmental pol-
lutants (7).

Three principles underlie the design of the
detection system (Fig. 1) (8-10). First, the
solid surface presents immobilized chemical
receptors that weakly bind molecules that
form a LC phase to orient it in a well-defined
direction. Second, the receptors bind targeted
analytes more strongly than they bind the
molecules forming the LC. Here we exploit
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knowledge of the relative strengths of hydro-
gen bond (//), acid-base (/2), and metal-
ligand coordination (/3) interactions to guide
selection of appropriate molecular receptors
and LCs for each targeted analyte. The com-
petitive displacement of the molecules form-
ing the LC from the molecular receptor re-
versibly releases the LC from its receptor-
enforced orientation upon exposure to ana-
lyte. Because nontargeted species that bind
the receptors more weakly than the molecules
that form the LC will not change the orien-
tation of the LC, this competitive interaction
provides a level of specificity for the targeted

Fig. 1. Schematic illus- 5
tration of the competi- L‘fy‘;‘t‘:l
tive interaction of a LC P

and targeted low mo-
lecular weight com-
pound for a molecular
receptor hosted on a
surface with nanome-

low molecular weight
targeted compound

analyte that is substantially greater than
schemes based on noncompetitive binding of
analytes to receptors (4—6, 14, 15). Third, the
surface possesses a nanometer-scale topogra-
phy that directs the LC to assume a predict-
able and visually distinct orientation in the
absence of a receptor-mediated-anchoring of
the mesogen at the surface (/6).

For detection of organoamines (/7), we
use carboxylic acid (-COOH) groups as the
molecular receptors and 4-cyano-4'-pentylbi-
phenyl (5CB) as the LC. Whereas the nitrile
group of 5CB can hydrogen bond with a
-COOH group [bond strength 10 to 40 kJ/mol
(/1)], an organoamine will bind with -COOH
through a stronger acid-base interaction (>70
kJ/mol (12)]. We prepared ultrathin gold
films with a nanometer-scale topography and
with protruding surface-immobilized -COOH
groups (/8). The topography of the surface
can be idealized as a nanometer-scale corru-
gation with an amplitude of ~1 to 2 nm and
a wavelength of 10 to 30 nm (/9). When
placed on this surface, SCB will spontaneous-
ly assume an orientation that is parallel to the
surface and perpendicular to (across) the
nanometer-scale corrugation, consistent with
the influence of hydrogen bonding of the
nitrile group of the mesogen (5CB) to the
surface-immobilized (-COOH) groups (20).
In contrast, exposure of the acidic surface to
a vapor of hexylamine [n-H,N(CH,),CH,]
(HA) before (Fig. 2, A to D) or after (see
below) contact with 5CB causes a film of
nematic SCB to assume an orientation that is
visually distinct. From polarized light mi-
croscopy, we determined the surface-induced
orientation of the SCB after exposure to HA
to be parallel to (along) the nanometer-scale
corrugation of the surface. Exposure of SCB
supported on a surface presenting methyl

ter-scale topography.
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ceptor and thereby an- 0
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with the receptor shown in (A), and the LC orients along the topography. (C) A receptor-induced
orientation of a LC that is perpendicular to a surface. (D) Binding of a targeted analyte to the
surface-immobilized receptors displaces the LC from its interaction with the receptor shown in (A), and
the LC orients across the topography on the surface.
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groups to HA did not lead to a change in
orientation of SCB. Similarly, exposure of
5CB supported on -COOH to water vapor,
ethanol, hexanes, and dimethylmethylphos-
phonate [(H,CO),POCH,] did not trigger a
measurable change in the orientation of 5CB.
From this we conclude that a competitive
displacement of 5CB by HA from its hydro-
gen bond with the carboxylic acid group
leads to the change in the LC orientation (27).
Since the acid-base interaction of the acid and
amine has a slow off rate (/4, /15), we deter-

Fig. 2. (A and B) Optical textures A |
{crossed polars) formed by 5CB

within optical cells prepared with
one surface supporting a SAM
formed from H,C(CH,), ,SH and
an opposing surface support-
ing a SAM formed from
HOOC(CH,),,SH: (A) before ex-
posure of HA; (B) after exposure
to 12 ppmv HA. (C and D) Sche-
matic illustrations of the orien-
tations of the LCs interpreted
from the optical textures shown
in (A) and (B), respectively. The
bold arrows indicate the direc-
tion of deposition of ultrathin
gold films that support the
SAMs. (E) Optical thickness of
HA bound to the SAM formed
from HOOC(CH,),,SH as a func-
tion of the vapor-phase concen-

w
tration of HA. The filled dia- E=
monds correspond to cells within & P
which the LC did not twist (Band < I
D), whereas the open diamond £2
indicates a cell in which the £23
twisted nematic phase was ob- 33
served (A and C). = by

Fig. 3. Optical textures
(crossed polars) formed by A
a film of 5CB on a surface
supporting a SAM formed
from  HOOC(CH,),,SH
that was (A) pretreated
with 100 mM Cu(ClO,),
and (B) pretreated as in
(A) and subsequently ex-
posed to a vapor concen-
tration of 900 ppmv
(CH;0),POCH,  (viewed
at maximum transmis-
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mined the sensitivity of the LC to bound HA
by measuring the amount of HA bound to the
acidic surface before placement of SCB on
the surface. The change in orientation of SCB
is triggered by amounts of bound HA that
possessed optical thicknesses that were below
the detection limits of ellipsometry (ellipso-
metric thickness < 1 A) (Fig. 2E) (22). Ex-
posure of these surfaces to ppb concentra-
tions of HA (for 2 min) resulted in measur-
able changes in orientation of the SCB.
When the bound -COOH groups were pre-
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treated by immersion into ethanolic solutions
containing 100 mM Cu?* (23), Cu?* was
incorporated into these surfaces (24), causing
micrometer-thick SCB spin-coated films to
adopt an orientation that is perpendicular to
the surface (Fig. 3, A and C). Mesogens not
possessing a nitrile group [such as nematic
phases of n-(p-methoxybenzylidene)] did not
orient perpendicular to surfaces presenting
Cu?*. Similarly, the incorporation of Cd?*
into surfaces presenting carboxylic acid
groups did not cause SCB to assume a per-
pendicular orientation, consistent with the
weaker binding of nitrile groups to Cd** than
to Cu?* (25). We thus conclude that com-
plexation of the nitrile groups of SCB with
Cu?* presented at the surface gives rise to the
perpendicular orientation of 5CB (26, 27).
Exposure of the perpendicularly oriented film
of 5CB to 300 parts per million (ppm) of
water, acetone, hexanes, or ethanol did not
change the optical appearance of the film of
5CB (28). However, we observed that expo-
sure of the film to ppm to ppb concentrations
of (H,CO),POCH, resulted in an easily visu-
alized change in the orientation of the LC
(Fig. 3, B and D) (29, 30). By using polarized
light microscopy and interferometry, we de-
termined this change in orientation to be
caused by a tilt (10° to 20°) of the LC away
from the normal of the surface and in an
azimuthal direction that is perpendicular to
the nanometer-scale corrugations on the sur-
face. We conclude that competitive binding
of (H,CO),POCH, to Cu®** hosted at the
surface displaces SCB from its weak complex
with Cu?”", thereby triggering a change in
orientation of the LC (37). The LC reverts to
its original perpendicular orientation when
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of gold onto the substrate. (E) Reversibility of the optical brightness of a film of 5CB £
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exposed sequentially to 10 ppmv (CH;0),POCH, and N,. (F) Response times of films of 5CB =
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the LC was visible to the naked eye.
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Fig. 4. (A) Visual appearance (using crossed polars) of a thin film of nematic SCB sandwiched
between two ultrathin gold films that possess nanometer-scale topography and support SAMs
formed from either H,C(CH,),,SH or COOH(CH,),,SH. Exposure of the bottom edge of the film
of LC (as shown in the image) to a vapor of HA leads to the lateral transport (by diffusion in the
direction indicated by arrow)) of the HA. (B) Penetration distance (from the edge of a LC cell) of
HA as a function of exposure time and as a function of the square root of exposure time. (C)
Penetration time (time for the diffusion front to penetrate 20 m into the cell) as a function of the
vapor concentration of n-H,N(CH,).CH,. (D) Time-dependent response (average brightness) of a
film of 5CB (thickness ~4 wm) supported on a SAM formed from HOOC(CH,),,SH that was
pretreated by immersion into an ethanolic solution of 100 mM Cu(ClO,),. The dynamic response
of the LC is shown after exposure to (@) 20 ppbv, (O) 85 ppbv, (M) 200 ppbv, (O) 1 ppmv, and (®)
2 ppmv of (CH,0),POCH, delivered from a nozzle located 2 mm from the surface of the film of

5CB.

reexposed to a (H,CO),POCH,-free atmo-
sphere (Fig. 3E). Exposure to ~20-ppbv con-
centrations (limit of dilution of our experi-
mental setup) of (H,CO),POCH, for ~20 s
resulted in easily visualizable changes (Fig.
3F).

Two approaches can be used to quantify
either cumulative or instantaneous exposure
to targeted analytes. First, measurement of
the spatial extent of diffusion of HA laterally
across a confined film of LC can be used to
indicate cumulative exposure to time-varying
concentrations of the analyte (Fig. 4, A to C).
Second, we have demonstrated that it is pos-
sible to design surfaces that trigger a dynamic
response of the LC that depends upon the
instantaneous concentration of a targeted ana-
lyte (Fig. 4D) (32).

In summary, we have demonstrated the de-
sign of surfaces with nanometer-scale topogra-
phy and receptor chemistry such that competi-
tive interactions of mesogens and targeted ana-
lytes (organophosphonates and organoamines)
to surface-immobilized receptors are amplified
into chemically specific, surface-driven orien-
tational transitions in LCs. Because a wide va-
riety of metal ions can be patterned on surfaces
within areas possessing micrometer-scale di-
mensions, and because LCs can be used to
image surfaces on similar spatial scales, the
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general approach reported here offers the pos-
sibility of rapidly screening for molecular re-
ceptors or combinations of molecular receptors
for a range of targeted environmental agents.
These receptors may provide the basis of mea-
surement tools suitable for highly multiplexed
determinations of personal exposure to a wide
range of chemical environments.
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Ring Closure of Carbon
Nanotubes

Masahito Sano,* Ayumi Kamino, Junko Okamura, Seiji Shinkai

Lightly etched single-walled carbon nanotubes are chemically reacted to form
rings. The rings appear to be fully closed as opposed to open coils, as ring-
opening reactions did not change the structure of the observed rings. The
average diameter of the rings was 540 nanometers with a narrow size distri-
bution. The nanotubes in solution were modeled as wormlike polymer chains,
yielding a persistence length of 800 nanometers. Nanotubes shorter than this
length behave stiffly and stay nearly straight in solution. However, nanotubes
longer than the Kuhn segment length of 1600 nanometers undergo considerable
thermal fluctuation, suggesting a greater flexibility of these materials than is

generally assumed.

With currently available synthetic methods
(1, 2), carbon nanotubes are always grown
as long strings, and this string shape is
largely responsible for their immediate ap-
plications to field emission source (3),
probe tips (4, 5), tweezers (6), molecular or
chemical wires (7, &), and fibrous compos-
ites (9). Despite their importance, however,
there has been no effective means to shape
a large number of individual carbon nano-
tubes in a controlled way. Chemical modi-
fication of nanotubes along logically de-
signed pathways may be one such method.
In particular, ring-forming reactions yield a
result that can be easily confirmed by mi-
croscopic techniques. So far, accidental oc-
currences of ring structures during nano-
tube syntheses have been reported (10, 11).
There is also a report of ring formation by
physical coiling (/2). We show that cova-
lent ring-closure reactions applied to com-
mercially available carbon nanotubes pro-
duce a sizable number of ring-shaped tubes
where the tubes bond only to themselves.
The rings show a narrow size distribution,
which we explain by modeling the nano-
tubes in solution as wormlike polymer
chains. The analysis gives a characteristic
length scale, which classifies a given nano-
tube as either stiff or semiflexible in solu-
tion. Such a scale is useful for understand-
ing aggregation behaviors, such as bundle

Chemotransfiguration Project—)ST, Kurume, Fukuoka
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formations, and designing chemical modi-
fications of nanotubes.

Commercially available pristine single-
walled carbon nanotubes (SWNTs) are gen-
erally too long to be dispersed in solution and
have no well-defined chemical functional
groups to modify. Ultrasonicating SWNTs in
concentrated H,SO,/HNO, is known to cut
SWNTs into many short pieces (/3). Because
scission occurs preferably at defect sites, this
treatment produces a broad distribution of
open-ended SWNTs. The cut SWNTs are
then etched lightly in H,SO,/H,0, to afford
oxygen-containing groups at both ends, of
which some are phenolic hydroxides and car-
boxylic acids (/4). The resulting SWNTs can
be dispersed relatively well in water and di-
methylformamide (DMF), although some
tend to aggregate into bundles even in these
dispersions. We note that dispersible amounts
of SWNTs in various solvents (/5, 16) de-
pend on history of chemical treatments as
well as lengths.

Ring closure can be achieved with a num-
ber of organic reactions with the oxygen-
containing groups at the tube ends, provided
that SWNTs have not completely collapsed
or coagulated at each step of the procedure.
Any processes that promote aggregation,
such as filtering, should be avoided as much
as possible. A possible scheme with 1,3-
dicyclohexylcarbodiimide (DCC) is illustrat-
ed in Fig. 1. Raman shift of the A, mode
(17) indicates that SWNTs (laser-oven prod-
ucts purchased from Rice University) have a
diameter of 1.2 nm. Large aggregates of
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SWNTs after the acid treatments were re-
moved by ultracentrifuge at 3500g. The re-
maining SWNTs in the supernatant solution
were dispersed in dry DMF so that the solu-
tion was lightly colored and an excess
amount of DCC was added. The mixture was
stirred overnight at room temperature, after
which solid materials were collected and
washed on a Teflon filter. For the following
statistical analysis, the reaction mixture be-
fore filtration (Fig. 2A) was used for sam-
pling. Another reaction by modifying carbox-
ylic acids to acid chlorides (/3, 18) also
produced rings but with lower yields, proba-
bly because of poorer dispersion of acid chlo-
ride SWNTs in DMF.

Atomic force microscopy (AFM) reveals
rings of an average diameter of 540 nm or
equivalently a contour length of 1.7 wm (Fig.
2B). A control sample of acid-treated
SWNTs without reaction also produces a
ring-shaped feature that is caused by physical
coiling. This happens rarely, and only one or
two loops, if any, are seen in the area, as
shown in Fig. 2A. The diameter of coils
obtained by Martel et al. (12) is larger on
average, which may be due to the fact that the
coils are open-ended whereas the present
rings are closed. Once formed, rings are quite
stable both chemically and physically. Ring-
opening reactions, such as treating rings with
dimethylaminopyridine and n-butylamine or
NaOH, had no effect on the rings. Heating
rings to 500°C under N, atmosphere for 3
hours did not open the rings. Because any
oxygen-containing organic bonds should
have decomposed at this temperature, it is
interesting to investigate the nature of the
linkage after the heat treatment.

During reproducibility experiments, we
noticed that the size of rings was roughly the
same even when different chemical condi-
tions, such as water contents and different
functional groups, were used. Figure 3A
shows a histogram of contour lengths of rings
measured directly from AFM images. There
are very few rings with the contour lengths
below 1.3 wm and above 2.1 pm. To explain
this narrow distribution, it is necessary to
understand properties of SWNTs in the reac-
tion mixture, i.e., under what conditions two
ends of a SWNT can meet by thermal fluc-
tuation. Here, we model SWNTs in DMF by
wormlike polymer chains with excluded vol-
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