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Abstract: We report that nematic liquid crystals (LCs) of 4-cyarepéntylbiphenyl (5CB) andp-
methoxybenzylideng-n-butylaniline (MBBA) can be used to image reactants and products of reversible, acid
base reactions on surfaces with micrometer resolution. When supported on obliquely deposited films of gold,
azimuthal orientations of LCs measured on self-assembled monolayers (SAMs) formed from HORE(CH

SH are found to be orthogonal to those measured on SAMs of the corresponding sodium carboxylate salt.
Conversion of the carboxylic acid to its sodium salt is amplified into a change in orientation*efL@0
mesogens per surface-confined acid group. The change in orientation of the LC is easily transduced into an
optical output by forming twist distortions within the LC upon conversion of the carboxylic acid to its sodium
carboxylate salt. The threshold conversion of acid to salt that drives the formation of the twist distortion
within the supported LC can be systematically shifted between 8% and 100% by using mixed SAMs formed
from HOOC(CH)10SH and HC(CH,)11SH, and by pretreating these SAMs in aqueous solutions buffered
between pH 1.7 and 14. We also demonstrate that region-specific conversion of the carboxylic acid to its
sodium carboxylate salt can be readily imaged on micrometer scales by using LCs. Observations of the boundary
region between acid and salt show no evidence of lateral transport of products and reactants over distances of
micrometers over periods of days. We conclude that images of the reactants and products of this surface-
confined chemical transformation can be conveniently recorded in the orientations of supported LCs.

1. Introduction resolutions of micrometers, and can, we believe, be applied to

L the imaging of a broad range of spatially resolved chemical
We report the use of thermotropic liquid crystals (LCs) to species on surfacés.

image reactants and products of reversible reactions between Liquid talli h h ted on th ‘ f
surface-confined species and reactants dissolved in solution. We -Iquid crystafline phases, when supported on the surfaces o
demonstrate this capability by using the surface sensitivity of solid sulbstratels, typically assume one or more orientations .that
nematic phases of 4-cyano-gentylbiphenyl (5CB) andp- are defined with respect to the symmetry of the supporting

methoxybenzyliden@-n-butylaniline (MBBA) to amplify and substrate8.The selection of the equilibrium orientations of the
optically transduce the conversion of immobilized carboxylic LCs is largely determined by orientation-dependent forces that

acid groups into their sodium carboxylate salts with a spatial act betweer_l molecules within the LC phases (mesogens} and
resolution better than 1Gum. Whereas past studies have the supporting surfaces. These forces are known to be highly
demonstrated the imaging of spatially resolved chemical speciesSeNSitive to the molecular-level structure of surfacBecause

on surfaces by using, for example, fluorescecitemilumines- molecules within LC phases can communicate their orientations
cent (and electrochemiluminescehtiadioactive? or electro- ~ OVer distances of 16100 um on time scales of hundreds of

active labelg, the principles we report do not require the use milliseconds, the influence of the structure of a surface on the
of labels, are simple and fast to perform, provide spatial Orientation of near-surface mesogens can be rapidly amplified
into the bulk of a LC” Furthermore, because LCs are generally

* To whom correspondence should be addressed. E-mail: abbott@engr.birefringent, the change in orientation of the LC can be easily
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tion of self-assembled monolayers (SAMs) formed from HOOC- to salt, nor does it smear images of the acid and salt on

(CHp)10SH into their corresponding sodium carboxylate s&lts. micrometer scales. This result is an interesting one because the
The principles and procedures we report in this paper build LCs used in our experiments do, in fact, contain concentrations

on a past report in which LCs were used to amplify and of water of tens of millimolar.

transduce specific binding of immunoglobulins (IgGs) and avidin

to SAMs presenting biotifi.By supporting these SAMs on 2. Materials and Methods

obliquely deposnepl films of gold that po;ses_seq anisotropic 2.1. Materials. We synthesized HOOC(GHcSH by using previ-
roughness on spatial scalesl(—10 nm) similar in size to those  ously published method4.The liquid crystal 5CB T = 34.5 °C),

of proteins (-5.5 nmx 5.0 nmx 4.5 nm for avidift! and~10 manufactured by BDH, was purchased from EM Industries (Hawthorne,
nm x 14 nmx 5 nm for IgG), specific binding of anti-biotin NY). MBBA (T, = 40 °C) was purchased from TCI (Portland, OR).
IgG or avidin to the biotin was detected optically through a The clearing temperature$,() of the LCs were measured on a Leica
change in orientation of a LC supported on the surface. Each (Leitz, Germany) heated microscope stage€(€H,)1:SH, HC(CH,)1s-
immobilized protein was observed to reorient(®—10f me- SH, and cyclooctane were purchased from Aldrich (Milwaukee, WI).
sogens within the supported LC. The change in orientation of Cyclooctane was purified by percolation through columns of neutral
the LC, which resulted from erasure of the anisotropic roughnessalumma of Brockmann Activity | (Aldrich) until it passed the Zisman

. - “test for purity*® Glass microscope slides were purchased from Fisher
of the gold/SAM surface by bound protein molecules, was easily (Los Angeles, CA). Titanium (99.999%) and gold (99.999%) were

seen with the naked eye, was imaged by optical microscopy purchased from Advanced Materials (Spring Valley, NY).

with a spatial resolution of-10 «m, and provides the basis of 2.2. Methods. Cleaning of SubstratesMicroscope slides were
a new approach for the screening of biospecific interactions at cleaned sequentially in piranha (70%3®0;, 30% HO,) and base
surfaces. solutions (70% KOH, 30% kD) using nitrogen to provide agitation

Whereas the study described above used LCs to image the(1 h at 50°C). Warning: Piranha solution should be handled with
specific binding of macromolecular species to ligands hosted extreme caution; in some circumstances, most probably when it has
on surfaces, herein we report that similar experimental proce- been mixed with significant quantities of an oxidizable organic material,
dures can be used to image chemical transformations on surfaced has detonated unexpectedihe slides were then rinsed thoroughly
that result in much smaller (angstrom scale) changes to the deionized water (18.2 K2-cm), ethanol, and methanol and dried
structure of a surface. We demonstrate the design of surface under a stream of nitrogen. The clean slides were stored in a vacuum

. . - . . Soven at 110°C. All other glassware was cleaned in piranha solution
such that the transformation of a carboxylic acid to its sodium prior to use.

carboxylate salt leads to an easily transduced change in the opjlique Deposition of Gold. Semitransparent films of gold with
orientation of a supported LEThis demonstration is significant  thicknesses 0f-100 A were deposited onto glass slides by using an
for several reasons. First, whereas the binding affinities of avidin electron beam evaporator manufactured by CHA Industries (Fremont,
and anti-biotin 1gG for biotin are sufficiently strongf{~ 1015 CA). The gold was deposited from a fixed direction of incidence at an
M for avidin in bulk solution, an&y &~ 10~° M for anti-biotin angle of incidence of 50(measured from the normal of the surface).
IgG in bulk solution}? that binding is practically irreversible, A 20 A layer of titanium was used to promote adhesion between the
the conversion of a carboxylic acid group to its sodium glass and the film of gold. The rate of deposition of gold and titanium

~ i 6
carboxylate salt is an easily reversed transformation. The Was~0-2 Als. The pressure in the evaporator was less thanld©
. . . : . Torr before and during each deposition. The gold source was periodi-
experiments described in this paper do, therefore, establish

. . . .~ cally cleaned by cycling between aqua regia (70% HN&D% HCI)
procedures that permit LCs to be used for the imaging of species,4 piranha solutions at 5@ (30 min in each solution). The cycle

th.at are reversibly bound or transformed at surfaces by contactyas repeated-34 times, rinsing between cycles in deionized water.
with a solvent phase. Second, we demonstrate the design ofGold films were routinely imaged by using atomic force microscopy
surfaces such that the orientations of LCs can be changed atAFMm).10

specified conversions of acid to salt (between 8% af00%). Formation and Pretreatment of SAMs. Self-assembled mono-
This result suggests that LCs can be used to quantify the extentayers (SAMs) were formed on the surfaces of obliquely deposited films
of reactions on surfaces. Third, our results reveal that contact©f gold by immersing the films in ethanolic solutions containing either

of LC with a surface does not erase the transformation of acid 1 MM HOOC(CH):cSH or a mixture of HOOC(Cb)1:SH and
HsC(CH)1:SH (1 mM total thiol concentration) for 1 h. After being

(8) 'Ichir_nu_ra and c_o-workers have shown tha; alignment of LCs on rinsed in ethanol and dried under nitrogen, the SAMs were immersed
organic thin films hosting azobenzene and coumarin groups can be changedor approximately 1 min in aqueous solutions buffered between pH 2

by illumination with light (Obi, M.; Morino. S.; Ichimura, KChem. Mater. nd 12 n removal from an lution. th rf fa sli
1999 11, 656-664. Ichimura, K. InPolymers as Electrooptical and and 12. Upon removal from a agueous so utio .’t esurtace ofas Qe
Photooptical Actie Media Shibaev, V, Ed.; Springer: New York, 1997 was placed under a stream of nitrogen gas to displace excess solution

pp 138-170 and references therein). Our work, in contrast, demonstrates from the surface. Unless stated otherwise, aqueous solutions were
experimental procedures that permit the use of LCs to transduce reversiblebuffered by using the following acids and sodium salts: pt210.1
chemical reactions at surfaces that are driven by contact of surfaces withM H3POy; pH 2.5-4, 1 mM NaHPOJ/H3PQy; pH 4-5, 1 mM NaQ-
solvents containing reactants. Our work also demonstrates approaches thag CHyHO,CCHs; pH 6—7, 1 mM NaHPQO/NaH,POy; pH 8-9, 1 mM
permitI extents of reactions on surfaces to be quantified by using liquid Na;COyNaHCO;; pH 9-11, 1 mM NaHPQy/NaPQy; pH 11.5-12
crystals. - ; p TN

(9) Gupta, V. K.; Skaife, J. J.; Dubrovsky, T. M.; Abbott, N. Science 10 mM NaOH; and pH 1213, 0.1 M NaOH. All buffered solutions
1998 279 2077-2080. were used within 24 h of preparation.

(10) Obliquely deposited films of gold were prepared by vapor-phase  Region-Specific Conversion of Carboxylic Acid to Sodium
deposition of gold at a fixed angle and direction of incidence onto stationary Carboxylate. We spatially localized the conversion of surface-confined
glass substrates. Analysis of atomic force micrographs indicates the carboxylic acid groups to sodium carboxylate salts by using one of

roughness of the gold film to be greatest in a direction parallel to the -
direction of incidence of the gold during its deposition (Skaife, J. J.; Abbott, two procedures. First, SAMs formed from HOOC(§HSH were

N. L. Chem. Mater1999 11, 612-623). immersed completely into aqueous solutions buffered at pH 2 and then
(11) Kossek, S.; Padeste, C.; Tiefenauer, L. X.; Siegenthald@iddens. immersed halfway into aqueous solutions buffered at alkaline pH’s.
Bioelectron.1998 13, 31-43. Second, we translated microdroplets of alkaline aqueous solutions
(12) Caruso, F.; Furlong, D. N.; Ariga, K.; Ichinose, I.; Kunitake, T.

Langmuir1998 14, 4559-4565. (14) Troughton, E. B.; Bain, C. D.; Whitesides, G. M.; Nuzzo, R. G.;
(13) Values ofKqy reported here correspond to values measured in bulk Allara, D. L.; Porter, M. D.Langmuir 1988 4, 365-385.

solutions (Bagci, H.; Kohen, F.; Kuscuoglu, U.; Wilcheck, FEBS Lett (15) Bigelow, W. C.; Pickett, D. L.; Zisman, W. Al. Colloid Sci.1946

1993 322 47-50). 1, 513-546.
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suspended from the ends of capillaries across mixed SAMs formed of the areas of the Na (1s) peaks (after formation of the salt) and the
from HOOC(CH)10SH and HC(CH;,)1:SH that were pretreated at pH O (1s) peaks (prior to formation of the sat)The areas of these peaks

2. The glass capillaries were mounted on>anY translation stage. were corrected for the atomic cross section of each species. Since the
The second procedure localized the reaction to withlf0-«m-wide stoichiometry of the sodium carboxylate salt is two oxygens for each
lines on the mixed SAM. sodium ion, the extent of conversion of carboxylic acid to sodium

Ellipsometry. Ellipsometric thicknesses of SAMs were measured carboxylate was calculated as twice the ratio of the Na (1s) and O (1s)
before and after immersion of the SAMs in aqueous solutions by using signals. The extent of reaction was determined from the Na and O
a Rudolph Auto EL ellipsometer (Flanders, NJ) at a wavelength of signals without further correction since both Na and O are known to
6320 A and an angle of incidence of'7®easurements were performed  reside at the surface of these SARE?

using films of gold with thicknesses of 1000 A that were deposited  Orientations of LCs. We measured the orientations of nematic
without a preferred direction or angle of incidence. Ellipsometric phases of 5CB and MBBA on SAMs by using optical cells fabricated
constants were measured immediately following removal of the gold from two films of gold, each of which supported SAMSs. First, the two
films from the evaporator. The ellipsometric thicknesses of SAMs were gold films were aligned (facing each other) such that the direction of
estimated by using a three-layer model and by assuming a refractivedeposition of the gold in each film was parallel. Second, the gold films
index of 1.45 for the monolayéf. were spaced apart with a thin film of Mylar or Saran Wrap (nominal

Contact Angles. Advancing and receding contact angles were thickness 2, 12, or 39m).23 A drop of 5CB or MBBA, heated into its
measured using a Rénttart model 100 (Mountain Lakes, NJ) isotropic phaseT < 45 °C), was then drawn by capillarity into the
goniometer at room temperature. Measurements of contact angles undegavity between the two surfaces of the optical cell. The cell was
cyclooctane were performed inside a glass cell that was cleaned withsubsequently cooled to room temperature and the optical texture
piranha solution prior to use. Advancing and receding contact angles analyzed with an Olympus BX-60 polarizing light microscope (Tokyo,
were measured using procedures described previéUsly. Japan) in transmission mode.

Reflectance-Absorbance FTIR Spectroscopyinfrared spectra of Measurement of Out-of-Plane Orientations of LCsA home-built
SAMs supported on films of gold (1000 Ain thickness) were measured gpica| apparatus was used to measure the out-of-plane orientation (tilt)
using a Nicolet Protegé60 (Madison, W) spectrometer with aliquid- o 5 within the optical cells. The optical cells were placed between
nitrogen-cooled mercurycadmium-telluride detector and a Graseby- 1455 polars, illuminated at normal incidence using a polarized He
Specac reflectance apparatus (Smyrna, GA) set for an angle of incidencey o laser, and then rotated from20° to +20° with respect to the

of 84°. Tlhe spectra were collected using 2000 scans with a resolution hormaj A plot of the intensity of light transmitted through the cell
of 2 cnr. A SAM formed from deuterated hexadecanethiol was used ggainst the angle of incidence was used to estimate the tilt of the optical

to ;:(ollectptaet reliert:ncesspecttrum. x hotoelect . axis of the LC from the surface of the cél.

-ray Photoelectron SpectroscopyX-ray photoelectron spectro- i . . -
scopy (Surface Science, Mountain View, CA) was used to determine Measurement .Of In Plan_e O”?mat'ons of Liquid Crystals. We
the composition of mixed SAMs formed by coadsorption eCHCH,)11- mgasureq th.e azimuthal orlentgtléﬁnf LCs supported on SAMs by
SH and HOOC(Ch):cSH"*8and to determine the extent of conversion using Wh'Fe I'ght’. crossed polarlze_rs, a quarter-wave plate (QWP)’ and
of immobilized carboxylic acid groups to their sodium carboxylate salts. NZ'”m'thl.Ck optical cells. Th? orientation .Of the optical axis of the
We also used XPS to survey for the presence of excess salts on theLC (t.h e director) was determmeql t_)y rotating the cell be.tweef‘ cross
surfaces of the SAMs following their immersion in buffered aqueous polarizers anq observmg_the shiftin |nte_rference C@’.f‘”’sof‘ Insertion
solutions. The chamber pressure during acquisition of all XPS spectramc the Q.WP into the optical pe_lth. The_ |n-p|§1ne orientation of the LC.
was~1.5 x 10-9 Torr, and the spot size was 2@ x 1000xm. The was defined as the one for which the insertion of the QWP resulted in

intensity of X-rays emitted from the Al & anode varied by-2% over the maximum positive shift in interference colors. The interference
. : . ,

a 24 h period. Survey scans were acquired at each location on a sample(.:oIors wgre mterpretgd by using a M'C"‘Q‘?"y color chart%
Acquisition was performed in Resolution 4 with 50 scans centered on  Karl Fischer Titrations. The concentration of water in 5CB and
the O (1s), C (1s), Na (1s), and Au (4f) pedkThe area of the Au MBBA was measured using a commercial Mettler DL-18 titrator
(4fs1, 4f;15) peaks varied by less than 4% from sample to sample. The (Worthington, OH):® Sample sizes ranged from 0.2 to 1.0 mL, and at
binding energies were referenced to the Au/g#peak at 84 eV and  'east four measurements were made for each LC.

the peak separation between the Cus@2mnd Cu (3s) peaks (310 . . .
eV). The Cu was initially etched with an Ar plasma to remove oxides _ (21) (&) Briggs, D.; Seah, M. Feractical Surface Analysjs2nd ed.;

. - o Wiley & Sons: New York, 1990. (b) Briggs, D.; Kendall, C. Rolym.
from its surface. The etching was performed at 5 kV for 2 min in 1.5 Commun.1979 20, 1053-1054. (c) Everhart, D. S.; Reilley, C. Mnal.

x 1077 Torr of Ar. Chem. 1981, 53, 665-676. (d) Rasmussen, J. R.; Stedronsky, E. R.;
The compositions of mixed SAMs formed from®&(CH,)1:SH and Whitesides, G. MJ. Am. Chem. Sod.977, 99, 4736-4745. (e) Holmes-
HOOC(CH)10SH were estimated from normalized areas of the O (1s) Farley, S. R.; Bain, C. D.; Whitesides, G. Mangmuir1988 4, 921—-937.
peaks by using a SAM formed from HOOC(@SH as a referenct. (22) XPS'=cand ATR spectroscopy'*have been used to demonstrate
We do not believe that a significant amount of water was adsorbed to that the surface of polyethylene functionalized with carboxylic acid groups

these SAMs at 295 K under UHV conditions. Nuzzo e¥gderformed ;:nar;gfetgirslsg?r?oidagjzgussu;f(?lﬁtteigrrgsgp Eingghc;moxylate salts by immersion

temperature program desorption (TPD) experiments and reflectance  (23) By measuring interference fringes formed by monochromatic light
absorbance FTIR spectroscopy within a UHV chamber at 295 K and transmitted through the optical cells, we determined the thicknesses of the
observed hydrogen bonding between the carboxylic acid groups within cells to be within 15-20% of the nominal cell thicknesses of the Mylar

a SAM formed from HOOC(Ch)10SH. Hydrogen bonding between ~ SPacers (12 and 3@m). Optical cells formed using Zm-thick Mylar were

. : measured to have thicknesses that ranged from 2im4
acid groups occurs when the amount of water adsorbed is small as (24) Scheffer, T. J.. Nehring, J. Appl. Phys1977, 48, 1783-1792.

compared to the carboxylic acid groups. (25) We define the azimuthal (in-plane) orientation of a LC by using
The extent of conversion of carboxylic acid groups to sodium the direction of deposition of the gold as a reference direction.

carboxylate salts within mixed SAMs was determined from the ratios  (26) Interference colors result from the transmission of particular

wavelengths of light when using a white light source of illumination. The

(16) Ulman, A.An Introduction to Ultrathin Organic Films: From extent of transmission of a particular wavelength of light depends on the
Langmuir Blodgett to Self-AssembKcademic Press: Boston, 1991. retardation, And, whereAn is the birefringence and is the thickness of

(17) Bain, C. D.; Whitesides, G. M.angmuir1989 5, 1370-1378. the birefringent film. Light propagating through the LC will be extinguished

(18) Bain, C. D.; Whitesides, G. M. Am. Chem. So&988 110, 6560 under conditions wherAnd=j4,j =0, 1, 2, ..., wherd is the wavelength
6561. of light. Interference colors are divided into orders according to the

(19) The rate of damage of SAMs formed from alkanethiols by X-rays magnitude of the retardation: -®50 nm (first-order), 5561100 nm
emitted from monochromatic Al & sources and secondary photoelectrons (second order), and 116650 nm (third order).

is low (Laibinis, P. E.; Bain, C. D.; Whitesides, G. Nl.Phys. Cheml991, (27) Hartshorne, N. H.; Stuart, ACrystals and the Polarizing Micro-
95, 70177021). scope Edward Arnold & Co.: New York, 1970.
(20) Nuzzo, R. G.; Zegarski, B. R.; Korenic, E. M.; Dubois, L. H. (28) Scholz, EKarl Fischer Titratior] Springer-Velag: Berlin, Germany,

Phys. Chem1992 96, 1355-1361. 1984.
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A= - - 180 pH 5 and 6. These measurements suggest that the onset of
1 S S A A S St ionization of a carboxylic acid group tethered to a surface occurs
at a pH higher than that for a carboxylic acid group in bulk
120 aqueous solution ¢, = 4.7)34 We also verified that our high-
ol I resolution XPS spectra of SAMs formed from HOOC(i+
N SH were in agreement with past measureménts.
~. °© Second, by using ellipsometry and XPS, we investigated
| saum——A———g——w_ N I whether excess salts were deposited onto SAMs formed from
- \\\i ‘\i - 8 HOOC(CH,)10SH upon their immersion and withdrawl from

] .- r buffered agueous solutions. By using ellipsometry, we measured
0.5 78%0_—'0"_00“'0‘6~t\ \ - 60 the thickness of a SAM formed from HOOC(@hbSH prior

] R » to pretreatment with an aqueous solution to bet1® A.35a.36
-100%*__.}_&‘ MY i Following pretreatment in aqueous solutions, the thicknesses

140

T lagl)

0.5 18% O~~~ —-—-0——0-—_
)

cos(9g)
(=]
|
/
»
fa

et S & SN of the SAMs were measured as follows: pH 2.5 (1 mM NaH
o 2z 4 & 8 10 12 14 PQy/H3PQy), 23+ 1 A; pH 3.8 (10uM NaH,POy/HsPQy), 20
oH + 1 A; pH 4.0 (1uM NaH,POy/H3POy), 18 + 1 A; pH 9 (1
Figure 1. pH dependence of advancing contact angles of aqueous MM NaHPQO/NagPQy), 20 + 1 A; and pH 11.7 (10 mM
solutions measured under cyclooctane on mixed SAMs formed from NaOH), 22+ 1 A:36 Because the deposition of excess salt (or
HsC(CH,)1:SH and HOOC(CH)1cSH. The curves are labeled by the acid) onto a SAM must be accompanied by the presence of the
percentage of chains within the mixed SAMs that present carboxylic anion of the salt (e.g., P®), we used XPS to determine
acid groups. The compositions of the mixed SAMs were determined whether the small variations in ellipsometric thicknesses reported
by XPS (see Methods section). The solid arrows indicate the pH at gphove were caused by the deposition of excess salt onto the
which a twist distortion was observed to form within a phase of 5CB  gaMms. XPS signals from phosphorus were measured on the
supported on the SAM. SAM immersed into the solution buffered to pH 2.5. This result
and other¥ lead us to conclude that the increased thickness of
the SAM pretreated at pH 2.5 does result from the deposition
3.1. Characterization of Surfaces Presenting Carboxylic ~ of HsPO, onto the surface. In contrast, however, we measured
Acid and Sodium Carboxylate Groups.We prepared surfaces  no signal from phosphorus on SAMs formed from HOOC-
presenting carboxylic acid groups and sodium carboxylate salts(CHz)10SH that were pretreated in 1 mM solutions prepared from
by immersing SAMs formed from HOOC(GloSH in aqueous phosphates at pH 3.2, 3.6, 6.8, 8.0, and 10.6. This result is
solutions buffered between pH 1.7 and 13.5. Following removal significant because this range of pH’s does, in fact, encompass
of the SAMs from the aqueous solutions, bulk liquid remaining solution conditions that cause changes to the orientations of LCs
on the surfaces of the SAMs was displaced by using a streamsupported on SAMs formed from HOOC(@rbSH (see below).
of nitrogen gas. Because we believed it possible that processeginally, at pH 11.7, we note a small increase in the ellipsometric
of evaporation taking place during displacement of the aqueousthickness (2-3 A), which likely corresponds to deposition of
solution might expose a SAM to a pH that differed substantially salts on these surfaces. At pH 11.7, a 10% decrease in the area
from the pH of the buffered solution, and because we believe of the Au (4f) peaks was observed in the XPS spectra, thus
it possible that evaporation might also lead to the deposition of confirming the presence of excess salts on these SAMs.
crystals of excess salt on the surface of a SAM, we used We also used XPS to confirm that pretreatment of SAMs
measurements of contact angles, ellipsometry, FTIR, and XPSformed from HOOC(CH)1cSH with aqueous solutions buffered
to characterize SAMs before and after their immersion into at either pH 3.2 or 10.6 resulted in the preparation of SAMs
buffered aqueous solutions. that presented COOH and CORa" groups at their surfaces.
First, we verified that contact angles of aqueous solutions Following pretreatment of the SAMs with an aqueous solution
(pH 1.7-13.5) measured on SAMs formed from HOOC ({1 buffered at pH 3.2, the relative peak areas of an XPS spectrum
SH (under cyclooctane) were the same as contact angles reportewere determined to be 76 1% C and 24+ 1% O,
in the past by Bain and Whitesides (curve labeled 100% in corresponding closely to the composition of the SAM prior to
Figure 1)17 For aqueous solutions buffered to pH’s greater than pretreatment in the aqueous solution Z2% C and 2 2%
~5, contact angles decreased smoothly to wetting with increas-O). The sodium ion was not observed on the surface of SAMs
ing pH2® The decrease in contact angles with increasing pH formed from HOOC(CH)10SH that were treated in aqueous
has been interpreted by others to result from ionization of solutions buffered at pH's of 3.6 or less. Thus, we conclude
immobilized carboxylic acid group$:3° Measurements based that the carboxylic acid group was not converted to the
on contact angle titratiori$;3° the use of a quartz crystal carboxylate salt by this procedure. In contrast, following
microbalancé} force—distance curve® and adhesion measure- (34) Handbook of Chemistry and Physi&7th ed.; Weast, R. C., Ed.;

ments$® all indicate the onset of ionization to occur between CRC Press: Boca Raton, FL, 1986.

(35) (a) Bain, C. D.; Troughton, E. B.; Tao, Y.; Evall, J.; Whitesides,
(29) Lee and co-workers have reported a maximum in the contact angle G. M.; Nuzzo, R. GJ. Am. Chem S0d989 111, 321-335. (b) Nuzzo, R.

of water buffered at pH-6 on SAMs formed from HOOC(ChhoSH and G.; Dubois, L. H.; Allara, D. LJ. Am. Chem. S0d.990Q 112, 558-5609.

1

3. Results

H3C(CH)10SH when the SAMs contained more than 75% HOOC{z$ (36) Ellipsometric thicknesses were measured to be invariant for at least
(Lee, T. R.; Carey, R. |.; Biebuyck, H. A.; Whitesides, G. Mangmuir 30 min in ambient air. Chidsey and Loiacono reported that atmospheric
1994 10, 741-749). Our measurements of contact angles do not display a contamination caused the apparent thickness of a SAM formed from HOOC-
maximum at pH~6. (CHy)10SH to increase when exposed to air (Chidsey, C. E. D.; Loiacono,
(30) Creager, S. E.; Clarke, langmuir1994 10, 3675-3683. D. N. Langmuir199Q 6, 682-691).
(31) Wang, J.; Frostman, L. M.; Ward, M. D. Phys. Cheml992 96, (37) By using XPS, we observed the deposition gPBy onto SAMs
5224-5228. that were formed from HOOC(ChioSH and pretreated in aqueous solutions
(32) (a) Hu, K.; Bard, A. JLangmuir1997 13, 5114-5119. (b) Kane, of H3POy at pH 2. Because the; of phosphoric acid is 2.1, this acid is
V.; Mulvaney, P.Langmuir1998 14, 3303-3311. not fully dissociated in aqueous solution at pH 2. In contrast, when
(33) Vezenov, D. V.; Noy, A.; Lieber, C. Ml. Am. Chem. S0d.997, hydrochloric acid (. < 1) at pH 1.8 was used, no Cl was detected on

119, 2006-2015. SAMs formed from HOOC(Ch)10SH by XPS.
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immersion of a SAM in an aqueous solution buffered to a pH the plane containing the SAM to be less th&rfdr cells with
greater than 4, sodium was detected on the surface by XPS:SAMs presenting either COOH or CO®a" groups. That is,
pretreatment of the surface with aqueous solutions of increasingthe orientation of 5CB on these surfaces was pldhand no

pH resulted in an increase in the sodium content of the surface.measurable change in the tilt of the LCs was evident upon
When the surface was pretreated at pH 10.6, the relative peakconversion of the acid to its sodium carboxylate salt.

areas in the XPS spectrum of the SAM were found to he 9 Our second set of measurements focused on the azimuthal
2% Na, 70+ 4% C, and 2 2% O. In contrast, XPS spectra orientation of the optical axis of 5CB and MBBA within the

of SAMs formed from HO(CH),0SH® and pretreated with  plane containing each SAM. First, we note that the optical
aqueous solutions buffered at pH 7.0 or 10.6 revealed thetextures, and thus azimuthal orientations of LCs, were observed
presence of negligible amounts of sodium on these surfaces.to be uniform across all optical cells. The azimuthal orientation
These results suggest that the sodium content of SAMs formedwas determined by noting the change in interference colors upon
from HOOC(CH)10SH and pretreated at high pH is due to the insertion of a quarter-wave plate into the optical path (Figure
transformation of the surface-confined acid to its salt. We 2). When cells formed with SAMs pretreated at pH 3.2 were
estimate the conversion of acid to salt on a SAM formed from used, 5CB and MBBA were observed to orient parallel to the
HOOC(CH,)10SH when pretreated at a pH of 10.6 to80% direction of deposition of the gold (Figure 2/D). In contrast,
(see Methods section). By using XPS, we also observed thewhen SAMs pretreated at pH 10.6 were used, 5CB and MBBA
pretreatment of SAMs with aqueous solution of high pH to oriented perpendicular to the direction of deposition of the gold
increase the oxygen content of these surfaces. We believe thgFigure 2E-H). A few disclination lines were typically observed
increase in oxygen content of these surfaces was caused bywithin these cells. In both cases (pH 3.2 and 10.6), we observed

hydration of the sodium carboxylate salt. no bulk distortion (twist, bend, or splay) of the LC within the
We used RA-FTIR to investigate whether the hydrocarbon cells.
regions of SAMs formed from HOOC(GHSH underwent We considered it possible that the azimuthal orientations of

measurable reorganization upon pretreatment with the aqueous-Cs reported above might result from deposition of excess salts
solutions. Spectra were measured before and after immersion(or other impurities) on the SAMs at levels not detected by XPS.
of SAMs in aqueous solutions buffered to pH 3.2, 7.0, or 11.7. Because SAMs formed from HO(GH1SH are wet by aqueous
The positions of the symmetric and asymmetric, Gittetches solutions at all pH'’s, we investigated the orientations assumed
in all spectra were found to be indistinguisha@8lbefore and by 5CB on these SAMs following pretreatment in solutions
after immersion and similar to past reports based on SAMs buffered between pH 3.0 and 11.7. Uniform alignment of 5CB
formed from HOOC(CH)10,SH 3640 This result suggests that the  in a direction parallel to the direction of deposition of the gold
hydrocarbon chains of these SAMs do not undergo substantialwas observed within all optical cells pretreated between pH 3.0
reorganization upon conversion of the acid to its salt. and 11.7. We also formed optical cells using SAMs that were
In summary, the measurements above, when combined, leadhot wet by aqueous solutions (e.g., SAMs formed from
us to conclude that experimental procedures based on theHsC(CH)1sSH). No change in anchoring was observed as a
immersion and withdrawl of SAMs from buffered, aqueous function of the pH of the buffer used to pretreat these SAMs.
solutions can be used to prepare SAMs presenting COOH andThese results, when combined with the results of XPS reported
COO Na* groups at the surface of obliquely deposited films in the previous section, lead us to conclude that the azimuthal
of gold. We do not believe these SAMs support excess salt in orientations of LCs supported on SAMs formed from HOOC-
the pH range 3.210.6, nor do we believe that the hydrocarbon (CH2)10SH pretreated at either low pH (3.2) or high pH (10.6)
regions of the SAMs are perturbed significantly by pretreatment differ by 90° and that this difference in orientation is caused

in the aqueous solutions. by the conversion of the immobilized carboxylic acid group to
3.2. Orientations of LCs on Surfaces Presenting Carboxyl-  its sodium carboxylate salt. .
ic Acid and Sodium Carboxylate Groups.We measured the 3.3. Enhancement of Optical Contrast by Formation of

orientations of LCs supported on SAMs presenting carboxylic Twisted Nematic Cells upon Conversion of an Immobilized
acid or sodium carboxylate groups by assembling optical cells Carboxylic Acid to Its Sodium Salt. Whereas the results
from two SAMs pretreated at the same pH, either 3.2 or 10.6. described in Section 3.2 establish that the azimuthal orientations
The thickness of the layer of LC within the cavity of the optical ©0f nematic LCs supported on SAMs formed from HOOC-
cell was ~12 um, and the direction of deposition of gold (CH)10SH change by 90upon conversion of the acid to its
supporting each SAM was parallel within the cell. By mounting sodium salt, the changes in interference colors seen in Figure 2
these cells in the crystal rotation apparatus (see Methodsare relatively subtle, and the use of a quarter-wave plate is
section), we measured of the tilt of the optical axis of 5CB from inconvenient. In this section, we describe the design of an optical
cell that provides a level of optical contrast that is sufficiently
(38) Contact angles of aqueous solutions have been reported (ref 17)high as to be easily interpreted by using simple experimental

for SAMs formed from HO(CH)1:SH. When aqueous solutions buffered d Th h tis b d the desi f
between pH 2 and 13 were used, the contact angle measured undeProceadures. € approach we report Is based on the design o

cyclooctane dropped from 430 3% with increasing pH. The decrease in ~ an optical cell with asymmetric surfaces such that conversion
contact angle was attributed to trace impurities within the cyclooctane.  of the carboxylic acid to its sodium salt is accompanied by

(39) We measured the positions of absorbances corresponding to ; ; ; ; i : _
asymmetric and symmetric methylene stretchesi) for SAMs formed formation of a twist distortion within a nematic LC. Enhance

from HOOC(CH)10SH at pH 3.2 fa = 2919 cnt?, v, = 2849 cntl), pH ment of optical contrast by using twist distortions is widely
7 (va= 2920 cn1?, vs = 2849 cmY), and pH 11.7+, = 2920 cm't, vs = exploited in optical devices in which the state of a LC is driven

2849 cmY). Prior to pretreatment in an aqueous solution, we measured i i inati
272920 o™, v, = 2850 onrY. These values compare favorably to past between twisted and untwisted states by application of an

measurements of ref 40a, wherg= 2918 cnr?, vs = 2850 cnt?; ref 36 electrical field?*?

wherev, = 2920 cntl, vs = 2853 cnt?; and ref 40b,c where, = 2919 (41) Evans and co-workers have reported measurements of the orienta-

cm™t, vs = 2850 cnl, tions of LCs on SAMs formed from HOOC(GHoSH. These measurements
(40) (a) Freeman T. L.; Evans, S. D.; Ulman, Fhin Solid Films1994 were not performed on obliquely deposited gold, and these authors did not

244, 784-788. (b) Sun, L.; Crooks, R. M.; Ricco, A. langmuir1993 9, investigate the influence of the conversion of acid to salt on the orientations

1775-1780. (c) Yang, H. C.; Dermody, D. L.; Xu, C.; Ricco, A. J.; Crooks, of supported LCs (Evans, S.; Allinson, H.; Boden, N.; Hendersdraraday
R. M. Langmuir1996 12, 726-735. Discuss.1996 104, 37—48).
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HS(CH 2)1 OCOO'Na"'

Figure 2. Interference colors and orientations of 5CB within optical cells fabricated using obliquely deposited films of gold that supported SAMs
formed from HOOC(CH)1,SH. The SAMs were pretreated by aqueous solutions buffered at pH either 3.2 or pAt03.pH 3.2. (A) Interference

color without a QWP in the optical path; the yellow color is a second-order interference color corresponding to a retarda®iod oM. (B)
Interference color with the optical axis of the QWP aligned parallel to the direction of deposition of the gold; the maroon color indicates an increase
in retardation to~1000 nm. (C) Interference color with the optical axis of the QWP aligned perpendicular to the direction of deposition of the gold
film; the green color indicates a decrease in retardation @0 nm. (D) Schematic illustration of the orientation of the LC that is consistent with
interference colors shown in-AC. The bold arrow indicates the direction of deposition of gold onto the subgteat€&) pH 10.6. (E) Interference

color without a QWP in the optical path; the red color is a first-order interference color corresponding to a retardab60 am. (F) Interference

color with the optical axis of the QWP aligned parallel to the direction of deposition of the gold; the orange color indicates a decrease in retardation
to ~370 nm. (G) Interference color with the optical axis of the QWP aligned perpendicular to the direction of deposition of the gold film; the blue
color indicates an increase in retardation~t650 nm. (H) Schematic illustration of the orientation of the LC that is consistent with the interference
colors shown in EG.

A B formed from HOOC(CH),0SH was pretreated at pH 3.2, the
optical cell appeared dark when viewed between crossed polars.
These and other optical characteristics indicate that 5CB was
ﬂ oriented without distortion within the optical cell (Figure 3B).
12 pm y HS(CH,)15CHg When the SAM formed from HOOC(CioSH was pretreated
C %

HS(CH,);oCOOH at pH 10.6, however, the cell appeared bright between crossed
polars (Figure 3C) and dark between parallel polars. These
optical characteristics are consistent with the presence of a twist
distortion within the LC*3 The presence of the twist distortion
D within the LC indicates that the SAM presenting COGx+
imposes an azimuthal orientation on the LC that is orthogonal
to the orientation imposed by38(CH,);15SH. This result also
HS(CH,)\ CH @ndicat.e.s that th.e strength of anqhoring of 5CB on both surfaces

2115™"3 is sufficient to induce a twist distortion in the bulk LC. We
~12 pm %ﬁS{CHz)TOGOO‘Na+ observed these twist distortions to be stable over 24 h.

3.4. Dependence of Orientation of LC on Extent of

Conversion of Acid to Salt. The results presented in Section
3.3 demonstrate the design of an optical cell such that conversion

Figure 3. (A and C) Optical textures (crossed polars) formed by of the _Carboxyllc aC'.d group to its So.d'“”"! salt_ resul_t S _|n the
nematic 5CB within optical cells prepared with one surface supporting formation of an easily transduced twist distortion within the

a SAM formed from HC(CHZ)]_SSH and an Opposing surface Supporting LC TO determine hOW the 0r|entat|0n Of the LC ChangeS as a
a SAM formed from HOOC(CH)10SH that was pretreated at pH 3.2 function of the extent of conversion of acid to salt, we measured

(A) or 10.6 (C). The bold arrows indicate the direction of deposition the orientations of 5CB within cells assembled using SAMs
of gold onto the substrate. (B and D) schematic illustrations of the formed from HOOC(CH)10SH that were pretreated with aque-
orientations of the LCs interpreted from the optical textures shown in ous solutions buffered between pH 1.7 and 12.7. Figure 4 shows
A and C, respectively. the change in orientation of 5CB (formation of a twist distortion)
) ) ) to be almost discontinuous at pH 3.8 (Figure 4). At pH 3.8,

Figure 3 shows optical textures of SCB confined to cells tyisted regions of 5CB with lateral dimensions of $aD00
fabricated using a SAM formed fromgB(CH,):1sSH on one  ;m were observed to coexist with uniform (untwisted) regions
surface and a SAM formed from HOOC(GntSH on the ¢ 5CB. The change from uniform to twisted alignment occurred
opposing surface. As shown in Figure 3A, when the SAM py the growth of macroscopic90° twisted domains within

(42) Blinov, L. M., Chigrinov, V. G.Electrooptic Effects in Liquid (43) A twist deformation of 90 rotates the polarization of light
Crystal Materials Springer-Verlag: New York, 1994. transmitted through the cell by 90

oy
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Figure 5. Angles of twist distortions within nematic phases of 5CB
confined within optical cells prepared with one surface supporting a
SAM formed from HC(CH,)1sSH and an opposing surface formed by
coadsorption of HOOC(ChhoSH and HC(CH;)1:SH that was pre-
treated by immersion in aqueous solutions buffered between pH 2 and
13. The curves are labeled by the percentage of chains within the mixed
SAMs that present carboxylic acid groups. The compositions of the
mixed SAM were determined by XPS (see Methods section).

polarizer to obtain a minimum in the intensity of the polarized
light transmitted through the sample. This angle is equal to the
angle subtended by the twist distortion within the LC. The “twist
angle” of 5CB measured as a function of the pH of solutions
used to pretreat SAMs from HOOC(GHoSH is shown in
Figure 5 (data labeled 100%). Whereas twist angles for cells
pretreated with aqueous solutions with gH3.8 were 6-10°,
twist angles for cells pretreated at pH3.8 ranged from 85 to
105°. The twist angles were not exactl§ &nd 90, respectively,

for two reasons. First, the alignment of the glass slides during
the evaporation of gold films was controlled only to within
~10°. Second, when aligning the two opposing SAMs during
fabrication of the optical cells, we found errors ©6° to be
common.

3.5. Design of Surfaces That Trigger Changes in Orienta-
tion of 5CB at Specified Conversions of Acid to SaltThe
results described above demonstrate that the azimuthal orienta-
tions of 5CB on SAMs formed from HOOC(CGlHcSH change
discontinuously as a function of the extent of conversion of acid
to salt. Because the discontinuous transition makes possible
determination of a threshold conversion of acid to salt but
provides no dynamic range to the measurements, here we
illustrate one approach that permits the orientation of 5CB to

o ) ' o ] be triggered at different threshold conversions of acid to salt.
Figure 4. Optical textures (cross polars) formed by nematic phases The approach is based on the preparation of mixed SAMs
ng?\AC]? within optical cells fabricated with one surface supportln_g a formed from HOOC(Ch):16SH and HC(CH)11SH. We formed

ormed from HC(CH,)1sSH and an opposing surface supporting . . .

a SAM formed from HOOC(CH)10SH that was pretreated with aqueous mixed SAMs using m(CHZ),“SH because we previously

solutions buffered between pH 2 and 13. The direction of deposition Measured C(CH,)1.SH to align 5CB (and MBBA) parallel

of the gold was parallel to one of the polarizers. to the direction of deposition of the gotd An increase in the
mole fraction of HC(CH,)1:SH within mixed SAMs formed

the LC. At high pH, loop disclinations were observed in twisted from HOOC(CH)10SH and HC(CH;)1:SH would, we hypoth-

areas of the cells (Figure 4). The twist angles within these loops esized, increase the extent of conversion of acid to salt necessary

were, in general, found to be the supplementary angle of theto trigger a change in the azimuthal orientation of 5CB.

twist angles of the surrounding LC phase. Although we believe  \ye prepared LC cells by forming a SAM fromsB(CHy)1s-

salts to be deposited onto surfaces pretreated at (82 and SH on one surface of the cell and a mixed SAM from HOOC-

pH = 11.7 (see Section 3..1), ourlresult.s here indicate that the(CHz)mSH and HC(CHy)1:SH on the opposing surface of the

salts do not cause nonuniform orientations of SCB. ~cell. Prior to assembly of the cell, the entire surface of the mixed

Because a twist distortion within a LC causes plane-polarized gapv was pretreated with a buffered aqueous solution. Whereas
light to rotate as it propagates through the 1223 we found pretreatment of a SAM formed from HOOC(GHbSH with an
measurements of the angle of rotation of polarized light that 54,e0us solution buffered at pH 3.8 induced a twist distortion
passed through an optical cell to provide a simple and yjthin a nematic phase of 5CB, a mixed SAM containing a

quantitative method to characterize the change in orientation yole fraction of acid groupsXcoor)*s of 0.36 (as determined
of 5CB. The angle of rotation was determined by simultaneously
rotating the analyzer and the optical cell with respect to the  (44) Gupta, V. K.; Abbott, N. LPhys. Re. E. 1996 54, R4540-R4543.
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A 3.6. Imaging of Reactants and Products: Spatial Resolu-
14L o tion and Stability of Image. The results above demonstrate
S 12 that LCs can be used to report optically the extent of conversion
3‘2 w0l of immobilized carboxylic acid groups to sodium carboxylate
8 salts. Here we show that 5CB can also be used to image
- 81 simultaneously both acid and salts on surfaces on which the
; 6 - transformation of acid to salt takes place in a spatially resolved
& al A manner. We prepared LC cells by forming a SAM from
H3C(CH,)15SH on one surface and a SAM from HOOC (844
PO S e SH on the opposing surface of the cell. Prior to assembling the
, 10 | o cell, the entire surface of the SAM formed from HOOC (i
8 05 SH was pretreated at pH 3.2. This surface was subsequently
(;,) Al dipped halfway into an aqueous solution at pH 10.6. Figure 7A
< o6 - and B shows the optical textures of a cell prepared in this
-;—’3 oa L manner. When viewed through crossed polars (Figure 7A),
o ‘ region | (pH 3) appears dark due to the extinction of light
§ 02 - transmitted through the cell by the analyzer. This result and
0 others indicate that 5CB is anchored in region | in the same
0 02 ox 06 o8 10 azimuthal direction on both surfaces of the cell. In region I

(pH 10.6), light was uniformly transmitted through cross polars,
reflecting the presence of a twist distortion-090° within 5CB
in this region of the cell. The optical texture of the same cell

XcooH

Figure 6. (A) pH of aqueous solutions that triggered twist distortions
within nematic phases of 5CB supported on mixed SAMs formed from . . N )
HOOC(CH)1cSH and HC(CHy)11SH. The compositions of the mixed V|eV\_/ed under paraIIeI polars_ is shown in Figure _7B r?md confirms
SAMSs (Xcoor) Were determined by XPS. (B) Extent of conversion of the interpretation (_)f the optlcal_ texture s_hown_ln Figure 7A. In
immobilized carboxylic acid groups to sodium carboxylate salts at onset ShOrt, transformation of the acid to salt in region Il caused the
of twist distortions of 5CB as a function of the composition of mixed formation of a twist distortion in this region of the optical cell,
SAMs formed from HOOC(Ch)10SH and HC(CH,)1:SH. Filled data whereas no distortion of 5CB was measured in region | (Figure
points correspond to mixed SAMs that caused twist distortions, and 7C). The boundary between the carboxylic acid and carboxylate
open data points correspond to mixed SAMs that did not cause twist regions was easily resolved by the difference in orientations of
distortions of the LC. 5CB with a resolution better than/&m (Figure 7D and E).

) ) o ] o Because LCs are known to contain significant amounts of
by XPS) did not cause the formation of a twist distortion within - \yater4 we considered the possibility that water within LCs
SCB until the pH of the solution approached 13.5 (Figure 5). may perturb the states of the surfaces presenting acid and salts
Mixed SAMs containingXcoon = 0.78 andXcoon = 0.53 and thus the orientations of supported LCs. By using Karl
caused twist distortions to form in 5CB at threshold pH's of Fischer titration, we measured the concentration of water in
7.0 and 10.0, respectively. These results are summarized insamples of 5CB and MBBA to be 42 7 and 24+ 3 mM,
Figure 6A, which shows the pH of the buffer that caused twist respectively?® To investigate a possible role for water in our
distortions to form within 5CB as a function of the mole fraction experimental observations, we patterned a surface with acid and
of acid within the mixed SAM. A linear relation between the carboxylate regions (as described above) and then imaged the
threshold pH and composition of the SAM is observed for SAMs  boundary between the two regions as a function of time. An
with compositions 0.36< Xcoon < 1.0. The extent of exchange of water between the surfaces and the bulk of the LC
conversion of acid to salt within the mixed SAM that triggered would, we predicted, lead to time-dependent changes in the
the twist distortion of 5CB was determined by XPS (Figure 6B). orientation of the LC in the vicinity of the boundary between
Whereas conversion 0£8% of acid groups to sodium salts the acid and salt groups. We observed, however, no change in
was sufficient to change the orientation of 5CB supported on the anchoring of the LC in the vicinity of the boundary over a
SAMs formed from HOOC(Ch)10SH, almost complete conver-  period of 48 h.
sion of acid to sodium salt was required to trigger a change in ) .
orientation of the LC supported on a mixed SAM with 4. Discussion

compositionXcoon ~ 0.36. Mixed SAMs with composition The results reported in this paper demonstrate that LCs can
Xcoon = 0.36 were observed to align LCs parallel to the pe ysed to amplify and optically detect the conversion of
direction of deposition of gold at all pH's and did not induce a - carhoxylic acid groups into sodium carboxylate salts on surfaces.
twist distortion within the nematic phase. This result indicates cgnversion of the carboxylic acid to its sodium salt is amplified
that S(CH)11CHs controls the orientation of 5CB supported on  jnto a change in orientation of 4610° mesogens per surface-
mixed SAMs containing less than 36% carboxylic acid. Finally, confined acid group, assuming a LC layer thickness ofib

we note that excess salts are not deposited onto mixed SAMsand one surface-confined acid group in each 200 the
during pretreatment with aqueous solutions buffered at high pH surface. The principal significance of this work is that it
because the receding contact angles of the agueous solutiongstablishes the use of LCs for the micrometer-scale imaging of
(in air) used to pretreat these SAMs were finite. For example, immobilized reactants and products of reversible reactions that
the receding contact angle of an aqueous solution buffered atare performed by contact of the immobilized species with a
pH ~13.5 was 60 on a mixed SAM with compositioiX = solvent phase containing reactants. These results, when com-
0.18. bined with past studies describing the use of LCs to image the
specific binding to macromolecular species to surfaces, dem-

(45) Xcoon is defined aﬂ\l(;ooy/(NCH3 + Ncoowr), whereNcoow is the
number of chains terminated with carboxylic acid groups agd, M the (46) Kimura, N.; Umemura, J.; Hayashi, S.; Takenakal. Mol. Struct.
number chains terminated with methyl groups. 1984 116, 153-164.
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onstrate the general utility of LC-based methods for the study
of the interactions between molecular and macromolecular
species on surfaces. Whereas the specific binding of antibodies
to antigens supported on obliquely deposited gold films was
shown to erase the anisotropic roughness of these gold substrates
and thereby create nonuniform azimuthal orientations of {.Cs,
the acid-base reactions reported in this paper cause changes
to the structure of surfaces on spatial scales that are small as
compared to the size of the nanometer-scale anisotropic rough-
ness of the gold film? The LC orientations reported in this
paper are, therefore, uniform ones that are defined with respect
to the symmetry of the surface: transformation of immobilized
carboxylic acid groups to sodium carboxylate salts triggers a
change in the preferred azimuthal orientations of LCs from
parallel to perpendicular to the direction of deposition of the
gold.

Our past studies have established the presence of nanometer-
scale, anisotropic roughness within obliquely deposited gold
films such that the elastic energies of supported LCs are
minimized by azimuthal orientations of the LCs that are
perpendicular to the direction of deposition of the giléf That
is, on bare gold films, LCs orient in a direction that is
perpendicular to the direction of deposition of the gold. The
azimuthal orientations assumed by LCs supported on SAMs
presenting sodium carboxylate groups (perpendicular to direction
of deposition of gold) do, therefore, likely reflect minimization
of elastic distortions within the LCs caused by the anisotropic
roughness of the gold films. In contrast, however, on SAMs
formed from HOOC(CH)10SH, both 5CB and MBBA assume
an azimuthal orientation that is parallel to the direction of gold

deposition. Because this orientation of the LC corresponds to
one that is parallel to the direction of maximum roughness, it
[ cannot be understood in terms of minimization of the elastic
energy of the LC. Indeed, we have observed the azimuthal
orientations of LCs on SAMs supported on obliquely deposited
gold films to be specific to both the type and orientation of the
functional group presented at the surface of the SAM. For
example, whereas the orientations of 5CB on SAMs formed
from Br(CH,)1:SH, HO(CH,)11SH, or HOOC(CH)10SH result

in an azimuthal orientation that is parallel to the deposition
direction of the gold, on SAMs formed from NC(G}#,SH and
HO(OCH,CHy)2(CHy,)10SH, the azimuthal alignment of 5CB is
perpendicular to the direction of deposition of the gidhe
influence of the orientation of surface-confined functional groups
on the azimuthal orientations of LCs can be illustrated by the
behavior of LCs supported on SAMs formed from alkanethiols
with odd and even numbers of carbdisSAMs formed with

an odd number of methylene groups orient LCs parallel to the
direction of deposition of the gold film whereas SAMs formed
with an even number of methylene groups orient LCs perpen-

Figure 7. Optical images formed by 5CB supported on surfaces dicular to the direction of deposition of the gold. While the

patterned with SAMs presenting carboxylic acid and sodium carboxylate ©r9in of the specificity of the LC to the type and orientation
groups. (A and B) Optical textures of 5CB within cells formed with  Of the w-functional group is the subject of an ongoing
one surface supporting a SAM formed from@{CH,)1sSH and an investigation based on second harmonic generation and sum-
opposing surface supporting a SAM that presents regions of carboxylic frequency spectroscopy, we note that conversion of a carboxylic

acid groups (region 1) or sodium carboxylate groups (region Il): (A) : . . - .
cross polars and (B) parallel polars. (C) Schematic illustration of the acid to a sodium carboxylate salt will eliminate possible

orientations of the LC interpreted from the optical images shown in A hydrogen-bonding interactions between the hydrogen of the
and B. (D) High-resolution image of the optical texture of a nematic carboxylic acid and the nitrogen of the nitrile group of 5¢B.
phase of 5CB at the boundary between regions presenting carboxylic\We speculate that loss of hydrogen-bonding interactions between
acid and sodium carboxylate groups. (E) High-resolution image of the 5CB and the COOH-terminated SAMs upon conversion of the

ical f ic ph f 5CB f : : . -
%ﬁ’ggﬁ Stiﬁﬂgrgeg f?oenr? Zg&pHgsoec?cgh%SHsggg%g;ggg(a_g)ai tlt_emed’aud to the salt may underlie the discontinuous change in the

SH. The mixed SAM was patterned by pulling a microdroplet of azimuthal orientations of LCs that we report in this pajer.
aqueous solution (pH 12) across the SAM (horizontally). When
observed between parallel polars, the 5CB supported on the regions of (47) Gupta, V. K.; Abbott, N. LLangmuir1996 12, 2587-2593.

the mixed SAM contacted with the microdroplet appear dark. (48) Shah, R. R.; Poquechoque, R.; Abbott, N. L. Unpublished results.
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We do not know the geometry of the hydrogen-bonded complex
formed between 5CB and the carboxylic acid groups at the 40 -
surface of the SAM!

A significant result of the study reported herein is the success
of simple and general procedures based on LCs that permit
determination of the states of molecules on surfaces that undergo
fast and reversible reactions upon contact with solvent phases.
Whereas LCs have been used in past studies to detect specific
binding of proteins to surfaces in which the binding was strong
and essentially irreversibfegonversion of a carboxylic acid to
its sodium carboxylate salt by immersion in a buffered aqueous S —
solution is a rapidly reversed reaction. The experimental
procedures reported n this paper involve the d'Splacement_ of Figure 8. pH of aqueous solutions that triggered twist distortions within
buffered aqueous solutions from the surfaces of SAMSs by USiNg 4 nematic phase of 5CB as a function of the thickness of the optical
a stream of nitrogen: the surfaces were not rinsed with water cell. Optical textures of 5CB were observed between cross polars in
or other solvents prior to contact with the LC. The success of cells with one surface supporting a SAM formed frorOCH,)1sSH
this simple experimental procedure contrasts with past studiesand an opposing surface formed from HOOCE:bBH that was
involving similar protocols and polymeric surfaces presenting pretreated by immersion in aqueous solutions buffered between pH 2.6
carboxylic acid groupd Past studies using high- or low-density and 6. Open data points indicate the absence of twist within the LC
polyethylene (HDPE or LDPE) functionalized with carboxylic cell; filled points indicate formation of tW|sted_d|stort|0_ns Wlthln_ the
acid groups and procedures similar to those used by us havelsjgli;dc:i?mses‘iensdlizgltzast?hzegs trgg;ﬁ;);tseelsc;sceeiig)r? il;ztﬁz fc%?m?ii?f tt;AgtSvf/'eEr]ne
rgportedly substgnnalldlfﬂculty controlh'ng the extent pf conver- - icted and twisted stgﬁ)es of the LO. y
sion of carboxylic acid groups to their corresponding s3lts.

The extent of conversion of acid to salt was found to depend used to pretreat the SAMs and (ii) does not lead to the deposition
on a number of factors, including the time of immersion in the Of excess salt crystals on these surfaces over a wide and useful
aqueous solutions. We believe several factors contribute to therange of pH’s.

difficulties reported in these past studies. First, the polymer Although several past studies have characterized the electrical
solution interface is known to be a mobile and diffuse one that double layer and resulting electrostatic forces in aqueous
extends over micrometers. Second, polymeric interfaces cansolutions near SAMs presenting carboxylic acid groups, few
reconstruct over time, especially when placed into contact with groups have characterized these surfaces following their removal
solvents such as water. Third, in addition to the carboxylic acid from buffered aqueous solutioA%Following the removal of a
groups, these polymers presented alcohols, aldehydes, ketone$$AM formed from HOOC(CH)10SH from an aqueous solution
and esters at their surfaces. In contrast, when using SAMsbuffered at pH 8.5, our XPS results indicate thdi0 4 8% of
formed from HOOC(CH)10,SH, we observed reproducible and the immobilized carboxylic acid groups are converted to their
stable conversion of the carboxylic acid to its salt. Our results salts. For comparison, for SAMs immersed in aqueous solutions
based on ellipsometry, XPS, and FTIR demonstrate that thisat pH 7.7, Hu and Bafd® have interpreted forcedistance
procedure (i) leads to an extent of conversion of acid to salt curves to indicate that 50% of the acid groups on SAMs formed
that can be controlled by the pH of the aqueous solution from HOOC(Ch)sSH are ionized. The close agreement between

(49) Hydrogen bonding between the nitrile group of 5CB and the COOH the extent (.)f Iomzatl.on of the acid g.rOUpS in solution and e)_(tent
group ofp-ethylbenzoic acid and water has been observed by using by IR of conversion of acid to salt following removal from solution
spectroscopy by Asaba et3IKimura et al*6 observed hydrogen bonding  leads us to conclude that the process of removal of the SAMs

be}WeendtTFee nitriletQFOUP of 4+%yan_ft}dctylbiph&n§/g(A8CB) anf' W%tetUSif;g g from the aqueous solutions does not lead to gross changes in

polarize spectroscopy. The nitrogen in may also be involve . .

in hydrogen-bonding interactions with carboxylic acid groups of SAMs. the extent of conversion of a_CId to salt. . .
(50) Discontinuous changes in the azimuthal orientations of LC on ~ Because the 5CB used in our experiments contained a

surfaces are well known and can be caused by an azimuthal potential energyconcentration of water of 42 7 mM, we considered it possible

function that possesses two energetic minima. As the relative magnitudesthat the water within 5CB would cause immobilized carboxylic
of these minima change, the orientation of the liquid crystal shifts

discontinuously from the angle corresponding to one minimum to the angle 8Cid groups to ionize or sodium carboxylate groups to protonate.
corresponding to the other minimum. (@eme, B.Rep. Prog. Phys1997, Two experimental results suggest, however, that water within
54,391-451.) Our experimental results indicate the likely presence of two the |C does not significantly perturb the states of SAMs used

energetic minima-one minimum is controlled by the structure of the gold . . . . . .
film induced by the oblique deposition (e.g., the minimum associated with in our experiments. First, we examined the orientations of LCs

elastic interactions with the statistically corrugated surfagejd the other ~ at the boundary regions of surfaces patterned with acid and
minimum is controlled by short-range interactions (e.g., hydrogen bonding) carboxylate groups (as described above). If exchange occurred

between the SAM and 5CB. Conversion of COOH to COONa is ;
accompanied by the loss of the short-range interactions between the SCBbe'[Ween the water in the LC and the SAMs, we would expect

and COOH and thus results in an orientation of 5CB that is dictated by the the compositions of the patterned regions of the surface to
structure of the gold. equilibrate with each other and the LC to adopt a uniform

(51) Three observations lead us to believe that hydrogen bonding betweengrientation at the boundary of the patterns. We observed the

5CB and SAMs formed from HOOC(Gi¢SH influences the orientation
assumed by 5CB on these surfaces. First, on bare gold films (in absence ofEdgeS of the patterns formed by LCs to be sharp and stable for

a hydrogen-bonding interaction), 5CB orients in a direction perpendicular days. Second, we varied the thickness of the LC layer between
to the direction of deposition of the gold film. Second, on SAMs formed 2 and 30um and measured the threshold pH that caused a

from HOOC(CH)10SH, where hydrogen-bonding interactions between 5CB : : :
and the terminal carboxylic acid group of the SAM can influence of the change in orientation of the LC. If exchange of water between

orientation of 5CB, we observe 5CB to orient parallel to the direction of the LC and the SAM caused a change in the state of the SAM,
deposition of the film of gold underlying the SAM. Third, conversion of ~ we would expect the threshold pH to change significantly with

the terminal carboxylic acid groups to sodium carboxylate, which eliminates i i
the possibility of hydrogen-bonding interactions between the SAM and 5CB, the thickness O.f th.e cell. ln.Stead’ the threshold _pH shifted by
results in an orientation of 5CB that is perpendicular to the direction of ©Nly 0.5 pH unit with the thickness of the cell (Figure 8). We

deposition of the gold film. offer two plausible reasons as to why water within the LC does

30 |

20 |-

Thickness of Cell (um)

P B SR |

5 6




11310 J. Am. Chem. Soc., Vol. 121, No. 49, 1999 Shah and Abbott

not measurably perturb the states of these surfaces and thef this simple experiment are two-fold. First, manipulation of
orientations of supported LCs. First, when using a LC cell with the thickness of the cell is unlikely to form the basis of a useful
a thickness of 2(km, we calculated there to be approximately method to change the extent of a reaction which causes a change
5000 water molecules within the LC per COOH group on the in orientation of a LC. Second, when using optical cells and
surface (a ratio of water to acid that is equivalent to a bulk mixed SAMs to determine the extent of conversion of acid to

aqueous solution containing 10 mM acid). The buffering effect salt, a high level of control over the thickness of the cell is not
of the COOH/COONa" is large at these ratios of acid to  pecessary.

water>2 Second, past studi¥dbased on IR spectroscopy suggest

that water molecules are hydrogen bonded to the nitrile groups

of smectic A phases of 4-cyand-dctylbiphenyl (8CB). These 5. Conclusions

measurements were performed using a LC with roughly 1 water

molecule for each 90 molecules of 8CB, which is similar to  The principal conclusion of the experiments reported in this

the water content of the 5CB used in our experiments (ap- paper is that LCs can be used to image (with micrometer

proximately 1 water molecule for each 100 molecules of 5CB). resplution) reactants and products of reversible chemical reac-

These results suggest that water within LC phases of 5CB mayijons on surfaces that are performed by contact of surface-

be complexed with the LC and thus possess a low activity.  ¢onfined species with reactants dissolved in solution. The model
Finally, we mention that the principal method we propose (e, ction used in this investigatiertonversion of immobilized

for transducing the orientations of LCs into optical signals is carboxylic acid groups to sodium carboxylate satismonstrates

based on formation of twist distortions within the LC. Because y . <ofuiness of simple and general LC-based procedures for

the energy stored within the twist distortions depends inversely mapping interactions between small molecular species on

on the thickness of the optical céf,we determined if the . .
thickness of the optical cell influenced the threshold conversion surfaces. The results reported hf_ereln al_so prowde an approach
to LC-based methods that permit quantitation of the extent of

of acid to salt required to trigger formation of the twist .
deformation. As mentioned above, we observed the threshold €°"VesIon of reactants to products on surfaces. For example,
we report the design of surfaces that trigger twist distortions

pH to differ by 0.5 pH unit when the thickness of an optical ™~ " i !
cell was increased from 2 to 30n (Figure 8). The conclusions ~ Within LCs when the extent of an acidase reaction reaches
specified values between 8% and.00%.

(52) Assuming ideal solution behavior, we calculated the extent of
ionization of a carboxylic acid when added to an aqueous solution at pH 7
such that the ratio of water to acid is 5000. Assumindlaof 7.7 for the Acknowledgment. This research was supported, in part, by

acid (as reported by Bard and co-workers for a surface-confined carboxylic . . .
acicf23, the extent of ionization of the acid is calculated to be 0.14%. we the Office of Naval Research (Presidential Early Career Award

have also calculated the extent of protonation of a sodium carboxylate salt for Scientists and Engineers to N.L.A.) and the National Science

when added to an aqueous solution at a ratio of water to salt of 5000. In Fqndation (CAREER Program and DMR-9632527). The
this case, the extent of protonation of the carboxylate ion was 0.7%. . . . . .
Similarly, addition of an equal molar ratio of acid and carboxlyate sait to authors gratefully acknowledge discussions with William Miller
water results in a solution containing 50.001% acid and 49.999% salt. ~ and Dr. Michael Kelly.

(53) Asaba, K.; Igarashi, A.; Kobinata, $on. J. Appl. Phys1998 37,
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