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In Situ FTIR-ATR Analysis and Titration of Carboxylic Acid-Terminated SAMs
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The acid/base properties of surface-confined molecules can differ Scheme 1.  Siloxane-Anchored Carboxylate Monolayer
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measurement$ 22 have all been applied to the study of surface-
confined carboxylic acids. While the reported protonatidepro-
tonation processes typically occur over a broader pH range than
what is seen in aqueous solution, in each system there is only a
single K, reported (between 5.5 and 9).

Figure 1 shows a series of FTIR-ATR difference spectra obtained
at different pD values, with positive- and negative-pointing peaks
at 1556 and 1704 cm attributed to carboxylate anion and
carboxylic acid moieties, respectively. The absolute intensity of

. the peaks increases with increasing pD because the reference being
FTIR spectroscopy has also been applied to the study of cooH'subtracted is the spectrum at pB 2.0. A parallel experiment

terminated self-assembled monolayers (SAM_S)' Nuzzo®¥falnd referenced to spectra at pB 11.5 showed the same titration
that. SAM$ of w-mercaptohexadecapom ‘T"C'd (MHDA) on gold popavior. When the areas of the upward pointing peak in either
exhibit a high degree of molecular orientation and that only a small experiment are plotted against pD, titration curves wii yalues
fraction of the carboxylic acid groups are linked by hydrogen bonds, ot 4 9+ 0.4 and 9.3+ 0.2 are obtr;lined. The value on thexis

with an absence of head-to-head dimers. They proposed Bt of the observed plateau between the tviq palues suggests that

of neighboring COOH groups are bound by single hydrogen bonds, each represents50% of the overall deprotonation procéés.
forming linear oligomers. Smith et & also reported a highly

oriented MHDA SAM, but suggested the existence of slightly
distorted head-to-head dimers.

In situ FTIR-ATR titration has been used by Cheng et®dab
study siloxane-anchored COOH SAMs. The reported increase of
~2 pKj units relative to alkyl carboxylates in solution is similar to
that reported by Whitesides et al. for oxidized polyethylene
surface®-28 and for SAM system&%3°We report herein an FTIR- 2
ATR analysis of a carboxylic acid-functionalized siloxane-anchored .
monolayer that for the first time directly measures the balance
among differently associated interfacial carboxylic acid groups on
the surface and relates their hydrogen bonding with surrounding s |
water molecules and/or among themselves to changes in chain °
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conformation and carboxylate acidity. We also report the direct R
observation of two differentf, values within a SAM array. Figure 1. A series of difference FTIR spectra for a carboxylic acid-bearing
Using DO instead HO enhanced the ability to detect=O SAM on a Si substrate. Spectra were taken while the surface was in contact

signals that would have otherwise been obscured by water signalswith a D,O solution (pD from 2.5 to 11.5, in increments of 8@5 pD

between 16081700 cntl. With D-O. residual water sianals are units). In this experiment, the single beam spectrum of the monolayer under
) 2= 9 a pD= 2 solution was used as reference. The inset window plots the amount

small enough to be handled by background subtraction. lonic of carboxylate anion as a function of pD. The gray strips indicate ke p
strengths of all solutions were between 0.01 and 0.02-%. values (4.9 0.4 and 9.3+ 0.2) determined by second derivative analysis

We further improved the spectral data by using thin (0.5 mm) of four independent titrations.

two-side polished Si wafers as internal reflection elements (IRE).  The FTIR data also showed variation in the order of the alkyl
This increased the number of internal reflectionsb0 times chains. For pD= 2—5, the degree of order of the chains does not
relative to standard 3 mm thick ATR elements. Using this IRE in change (as seen in the consistent value of 291 ¢on the Chpang
a solution cef® and using an autotitrator and a peristaltic pump,  stretch). However, this order increases for p®, as seen by the
we achieved excellent sensitivity and reproducibility. shift of CHpanii to 2916 cnl.35-37

The in situ creation of the carboxylic acid (Scheme 1) was also A deeper understanding of the structural details of the carboxylic
improved by using Al to cleave the ester while preserving acid species was obtained by curve-fitting the signal at +2&10

monolayer integrity (i.e., it did not attack the siloxaffesBoth cmL. This was possible for experiments using a reference spectrum
the ester and the acid-terminated SAMs were characterized byof pD = 11.5 so that the IR peaks are in the positive direction.
ellipsometry, XPS, contact angle, and FTIR measurements. Figure 2 shows one such spectrum. At pb 2.2-5.1, three
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Figure 2. Curve-fitting of the COOD band at pB 4.2. Dotted line is the
experimental spectrum. Solid lines are the resolved components (Gaussian (1) Li, T. T.-T.; Weaver, M. JJ. Am. Chem. S0d.984 106, 6107.
peaks, fixed peak widths, positions fixed as per values in Table 1) based (2) Turyan, |.; Mandler, DAnal. Chem1994 66, 58.
on the second derivative method of deconvolution and the fitted sum of  (3) Sun, L.; Crooks, R. M.; Ricco, A. Langmuir1993 9, 1775.
the resolved peak$f = 0.991). The peak at 1645 crhis from water. (4) Bryant, M. A.; Crooks, R. MLangmuir1993 9, 385.

(5) Bain, C. D.; Whitesides, G. M.angmuir1989 5, 1370.
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Table 1. Distribution of COOD Forms (Each Deconvolution R? >
0.99; Data Are the Average of Four Independent Replicate
Experiments)

normalized relative intensities COOD species

pD £0.3 1734+ 3cmt 1703+ 3cm* 1676 £ 2cmt
2.2 21+ 3 44+ 3 35+1
2.6 17+ 2 50+ 3 33+1
3.2 13+ 2 54+ 3 33+ 3
3.8 11+1 58+ 2 31+1
4.2 7 52+ 3 39+ 1
5.1 5 59+ 2 36+ 2
6.1 0 58+ 2 424+ 2

components (1734 3, 1703+ 3, and 1676+ 2 cntt) can be
resolved, in addition to the residual water at 1645 &rhe three
bands are assign&dto the monomeric, dimeric, and oligomeric
COOD species, respectively. At pB 6.1, only two bands remain.
The monomeric form (1734 crd) is relatively less stable (Table
1) as the pD increasé%3°The relative amounts of the two different
bridged species stay at a dimer:oligomer ratio of £.9.3. That

50 + 10% of the COOD groups deprotonate at the filsg while
monomeric COOD accounts for only 20% of the fully protonated
COOD groups is due to equilibration of the monomer and the
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cm™1) also evidences pD-dependent changes in shape/position;

(6) Creager, S. E.; Clarke, langmuir1994 10, 3675.

(7) Lee, T. R.; Carey, R. I.; Biebuyck, H. A.; Whitesides, G. Mangmuir
1994 10, 741.

(8) E?ggi)mazu, K.; Teranishi, T.; Sugihara, K.; Uosaki, Bhem. Lett1998

(9) Wang, J.; Frostman, L. M.; Ward, M. D. Phys. Cheml992 96, 5224.

(10) Cheng, Q.; Brajter-Toth, AAnal. Chem1992 64, 1998.

(11) White, H. S.; Peterson, J. D.; Cui, Q.; Stevenson, K. Phys. Chem. B
1998 102 2930.

(12) Molinero, V.; Calvo, E. JJ. Electroanal. Chem1998 445 17.

(13) Godinez, L. A.; Castro, R.; Kaifer, A. EEangmuir1996 12, 5087.

(14) Smalley, J. F.; Chalfant, K.; Feldberg, S. W.; Nahir, T. M.; Bowden, E.
F.J. Phys. Chem. B999 103 1676.

(15) Zhao, J.; Luo, L.; Yang, X.; Wang, E.; Dong, Blectroanalysis1999
11, 1108.

(16) Kakiuchi, T.; lida, M.; Imabayashi, S.; Niki, Kangmuir200Q 16, 5397.

(17) Smith, D. A.; Wallwork, M. L.; Zhang, J.; Kirkham, J.; Robinson, C.;
Marsh, A.; Wong, M.J. Phys. Chem. B00Q 104, 8862-8870.

(18) Vezenov, D. V.; Noy, A.; Rozsnyai, L. F.; Lieber, C. Nl. Am. Chem.
S0c.1997 119 2006-2015.

(19) He, H. X.; Huang, W.; Zhang, H.; Li, Q. G.; Li, S. F. Y.; Liu, Z. F.
Langmuir200Q 16, 517.

(20) Hu, K.; Bard, A. JLangmuir1997, 13, 5114.

(21) Kane, V.; Mulvaney, PLangmuir1998 14, 3303.

(22) Kokkoli, E.; Zukoski, C. FLangmuir200Q 16, 6029.

(23) Nuzzo, R. G.; Dubois, L. H.; Allara, D. LJ. Am. Chem. S0d.99Q 112,
558-569.

(24) Smith, E. L.; Alves, C. A.; Anderegg, J. W.; Porter, M. D.; Siperko, L.
M. Langmuir1992 8, 2707-2714.

(25) Cheng, S. S.; Scherson, D. A.; Sukenik, CLEngmuir1995 11, 1190.

(26) Holmes-Farley, S. R.; Reamey, R. H.; McCarthy, T. J.; Deutch, J.;
Whitesides, G. MLangmuir1985 1, 725-740.

however, these have been attributed to changes in the relative (27) Holmes-Farley, S. R.; Whitesides, G. Mangmuir1987 3, 62-76.

intensity of the antisymmetric stretching vibrations at 1542 and 1562

Cm—1_39,40
Lacking relative molar absorptivities for the different acid forms,

these numbers cannot be translated into the actual abundance o

(28) Holmes-Farley, S. R.; Bain, C. D.; Whitesides, G.IMngmuir1988 4,
921-937.

(29) Ferguson, G. S.; Chaudhury, M. K.; Biebuyck, H. A.; Whitesides, G. M.
Macromoleculesl993 26, 5870-5875.

f(30) Wasserman, S. R.; Tao, Y.-T.; Whitesides, G. IMngmuir 1989 5,

1074-1087.

the various forms. However, their coexistence within the monolayer (31) Using RO instead of HO increases I§, by ~0.55; cf. ref 32. Varying

and the more rapid disappearance of the monomer are clear.

ionic strength in this range has a negligible effect; cf. ref 17.
Robinson, R. A.; Paabo, M.; Bates, R.J5Res. Natl. Bur. Stand., Sect.

Regrettably, as deprotonation in base proceeds, the ratio of 32) A 1969 73(3) 299-308.
aggregated forms cannot be determined because the acid peaks are33) Fryxell, G. E.; Rieke, P. C.; Wood, L. L.; Engelhard, M. H.; Williford,

too small to be reliably deconvoluted.
The geometrically constrained diacid described by Rékiska

useful analogue. Deprotonation of one carboxylic acid influences

its intramolecular complexation to the other. The remaining
hydrogen bond is strengthened, yielding,walues of 4.8 and 11.1.
Aggregates of acids also provide important precedent. Kae p

values of micellized fatty acids are reported between 8.6 and 9.7

(similar to our value of 9.3). Crystallization/precipitation occurs at
pH 4—542 Langmuir films of fatty acids showk, values at both
3.9 and 10.57 again resembling the carboxylate SAMs.

Our results show that a carboxylic acid-bearing SAM is

comprised of multiple bridged/unbridged forms at a water interface.

Their protonation/deprotonation can be directly monitored. The
intermolecular bridging influences SAM structure and chemistry.

R. E.; Graff, G. L.; Campbell, A. A.; Wiacek, R. J.; Lee, L.; Halverson,
A. Langmuir1996 12, 5064-5075.
(34) Using a benzoic acid-functionalized SAM created by depositinGiCl
(CH2)11—0—C¢Hs—COOCH;, the K, values are 4.7 0.3 and 9.0+
3

(35) The benzoic acid described in ref 34 shows the same trend.
(36) ?rgold, R.; Azzam, W.; Terfort, A.; Woll, Q.angmuir2002 18, 3980~
992.
(37) Miranda, P. B.; Du, Q.; Shen, Y. Rhem. Phys. Letf1l998 286, 1-8.
(38) Dong, J.; Tsubahara, N.; Fujimoto, Y.; Ozaki, Y.; NakashimaAgpl.
Spectrosc2001, 55, 1603-1609.
(39) Gericke, A.; Huehnerfuss, H. Phys. Chem1993 97, 12899-12908.

(40) Stefan, I. C.; Mandler, D.; Scherson, D. langmuir2002 18, 6976~
6980.

(41) Rebek, J., Jr.; Duff, R. J.; Gordon, W. E.; Parris,JKAm. Chem. Soc.
1986 108 6068-6069.
(42) Kanicky, J. R.; Shah, D. Q. Colloid Interface Sci2002 256, 201—207.

JA037610U

J. AM. CHEM. SOC. = VOL. 126, NO. 2, 2004 483



