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We report the derivatization of hyperbranched poly(acrylic acid) (PAA) filmswith awide range of amino-
or alcohol-terminated molecules. These molecules can include moieties such as pyrene, ferrocene, poly-
(ethylene glycol), 15-crown-5, and a dye. To derivatize PAA films, we activate their carboxylic acid groups
with isobutyl chloroformate and allow them to reactwith amine- or alcohol-containingmolecules. Infrared
spectroscopy demonstrates the formation of amide and ester bonds upon coupling as well as the presence
of the derivative functional groups. Excimer fluorescence from pyrene-containing films implies a high
density of pyrene groups. However, we can control the amount of pyrene in the film (and obtain monomer
fluorescence) by varying the concentration of Py(CH2)3CONH(CH2)2NH2 in the derivatization solution.
Cyclic voltammetry of ferrocene-containing films showsanelectrochemically addressable ferrocenyl surface
coverage of (6 ( 3) × 10-9 mol/cm2 in three-layer PAA films. PAA films and their derivatives are stable
under sonication, Soxhlet extraction, and acidic and basic conditions. PAA films also respond to external
stimuli. The ellipsometric thickness of PAA films increases by ≈45% upon deprotonation of the film’s
carboxylic acid groups and returns to its original thickness after acidification. Using surface acousticwave
mass sensors, we observed that pure PAA films adsorb or absorb volatile organic compounds (VOCs),
although the amount is in the monolayer range. Fluorination of PAA films increases the amount of polar
VOCs absorbed by an order of magnitude.

Introduction

We recently reported the synthesis of hyperbranched
poly(acrylic acid) (PAA) films.1 To prepare these films,
we first graft poly(tert-butyl acrylate) onto a mercap-
toundecanoic acid monolayer on gold. Hydrolysis of the
tert-butyl esters then yields a PAA graft. Additional
grafting at multiple CO2H sites on each prior graft leads
to hyperbranched PAA films. Here we demonstrate the
versatility of hyperbranched PAA films by derivatizing
them with molecules containing a wide range of moieties
such as a fluorescent group, an ion-binding macrocycle,
a dye, a biocompatible polymer chain, andanelectroactive
group. Scheme 1 illustrates the synthesis and derivati-
zation of hyperbranched PAA films. The wide range of
derivatized polymer films should be relevant to applica-
tions involving chemical sensing, corrosion, adhesion,
wetting, and friction. A variety of spectroscopic, electro-
chemical, and physical characterization methods show
that these filmscanbehighly functionalized. Additionally,
we show that these films respond to changes in pH and
are stable to treatment with acid, base, ultrasound, and
mild heating.
Several methods exist for attaching polymer films to

surfaces includingphysisorption, chemisorption, covalent
attachment to monolayers, and electrostatic adsorption.
Spin coating isawell-knownmethodofdepositingpolymer
films by physisorption.2,3 To chemisorb monolayers of
polymer films to gold surfaces, several research groups

introduced thiol-containing side chains on polymer
backbones.4-14 Such monolayer films are generally <30
Åthick. Similarly,PAAchainsadsorb onaluminumoxide
as carboxylates to yield films that are 5-10 Å thick.15
Allara and co-workers modified these films through
reaction of the carboxylic acid groups that are not bound
to the surface.15 Polymer chainshavealsobeen covalently
linked to surface-confined, reactive monolayers.16-22

Polymer multilayers have been previously prepared
using a layer-by-layer growth strategy. For example,
Ringsdorf and co-workers attached polymer chains con-
taining many reactive sites to amino-silanized glass.22
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They thenprepared covalently linkedpolymermultilayers
using the unreacted functional groups in the grafted
polymer layers. Decher and co-workers utilized electro-
static adsorption of oppositely charged polymer chains to
formpolymermultilayers.23-28 Fergusonpreparedmixed
polymer/inorganic films using the electrostatic method

and showed that this method is very forgiving in that it
can cover defects in the previously adsorbed layers.29 In
all of these layer-by-layer approaches, film thickness
increases linearly with the number of layers.
Ourwork followsandextends this layer-by-layergrowth

strategy.1 In contrast to previous work, however, the
thickness of hyperbranched films increases rapidly and
nonlinearly with the number of layers because we use a
protection/deprotection strategy which results in highly
branched grafting. For example, thicknesses range from
30 to >1000 Å in films containing from one to more than
five PAA layers. We recently reported derivatizing these
PAA films with perfluorinated alkanes,30 and here we
greatly expand the scope of this PAA derivatization
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chemistry to prepare fluorescent, electroactive, and bio-
compatible surfaces. These derivatives demonstrate the
wide range of properties that can be incorporated into
hyperbranched PAA films.

Experimental Section
Film Preparation. Au-coated Si wafers (1000-2000 Å of

Au on an adhesion layer of 50-100 Å of Cr or Ti) were cleaned
in a Harrick plasma cleaner (medium power) for 1.5 min. The
slideswere immersed in0.001Mmercaptoundecanoicacid (MUA)
in ethanol (EtOH) for 0.5 h and rinsed with EtOH and H2O to
form a self-assembled monolayer (SAM). The MUA SAM was
then immersed in 10 mL of dried DMF to which 80 µL of
N-methylmorpholine and 100 µL of isobutyl chloroformate were
addedwhile stirring. After 10min, the slidewas removed, rinsed
with ethyl acetate, and dried with N2. The slide was then
immersed in a solution of R,ω-diaminopoly(tert-butylacrylate)
(H2NR(PTBA)RNH2, R ) (CH2)2NHCO(CH2)2C(CN)(CH3)) in
DMF (200mg ofH2NR(PTBA)RNH2 in 4mLofDMF) for 1 hwith
stirring. The slide was then removed, rinsed with EtOH, and
dried with N2. The tert-butyl ester groups of the grafted PTBA
were thenhydrolyzedby immersing the sample for 1h inbenzene
saturated with p-toluenesulfonic acid monohydrate at 55 °C to
yield grafted PAA. The slide was then removed, rinsed with
EtOH, and dried with N2.
To prepare additional PAA layers, the newly formed acid

groups of the grafted PAA film were activated using the same
procedure as for theMUA SAM, and the grafting procedure was
repeated. A large excess (>50-fold in the first three layers) of
H2NR(PTBA)RNH2wasused tominimize cross-linking, but some
H2NR(PTBA)RNH2 could have reacted with CO2H groups on
two different grafted chains. We have prepared films using up
to seven grafting stages and have used batches of H2NR(PTBA)-
RNH2withMn values (determinedbyacid/base titration) ranging
from1.5× 104 to 2.5× 104. Inmost of the experiments described
here, we used batches of H2NR(PTBA)RNH2 with Mn values
between 1.9 × 104 and 2.0 × 104.
To derivatizePAA filmswith amine-containingmolecules, the

acid groups of PAA were also activated using isobutyl chloro-
formate and the filmwas exposed to a solution of the appropriate
amine. The following amine solutions were used: ethylenedi-
amine (2.0 N in DMF), allylamine (1.0 N in DMF), Py(CH2)3-
CONH(CH2)2NH2 (I, Chart 1) (1.6 × 10-5 to 0.05 N in DMF),
NH2CH2(CF2)6CF3 (0.1 N in DMF), isopropyl amine (1.0 N in
DMF), 2-(aminomethyl)-15-crown-5 (III) (0.1 N in CH2Cl2),
H2N(PEG4600)NH2 (0.02N inCH2Cl2), N,N′-bis(3-aminophenyl)-
3,4,9,10-perylenetetracarboxylic diimide (APPCDI) (V) (0.02 N
in DMF), and NHEt2 (1.0 N in DMF). After a 1-h immersion in
the amine-containing solutions, most films were immediately
rinsed in EtOH. Pyrene-derivatized films were first rinsed in
DMF and then rinsed in EtOH. PEG-derivatized films were
rinsed first in CH2Cl2 and then in EtOH.
To couple PyCH2OH (II) to PAA, the film was activated as

described above and immersed for 1 h in 10 mL of CH2Cl2
containing PyCH2OH (100 mg, 0.43 mmol), NEt3 (70 µL, 0.5
mmol), and 4-(dimethylamino)pyridine (DMAP) (28 mg, 0.25
mmol). The filmwas then rinsed inCH2Cl2 andEtOH. Coupling
of ferrocenemethanol (FcCH2OH, IV) (0.1 N in CH2Cl2) to
hyperbranched PAA proceeded similarly. Some of these films
were sonnicated in CHCl3 to remove material that was visibly
physisorbed.
In some cases,weuseddiacetylene-containingSAMsprepared

from HS(CH2)10CtCCtC(CH2)10COOH (DA)31,32 rather than
MUA to link hyperbranched films to the gold substrate. These
DA SAMs were prepared by immersing plasma-cleaned gold
substrates (as described above) in a 0.001 M solution of DA in
CHCl3 for 4-5 h. The substrate was then sequentially rinsed
in chloroform, acetone, EtOH, and H2O. These films were
polymerized by a 45-min exposure to ultraviolet light to yield a
polydiacetylene (PDA) film. Theprocedure for graftingpolymers
to PDA monolayers is identical to that used for MUA.

Characterization. Fourier Transform Infrared Exter-
nalReflectionSpectroscopy(FTIR-ERS). FTIR-ERSspectra
were measured using a Bio-Rad FTS 40 infrared spectropho-
tometer with a mercury/cadmium telluride detector. Spectra
were obtained at a grazing angle of 85° using a Harrick Seagull
attachmentandwereobtainedat4-cm-1 resolutionusingbetween
100 and 256 scans.33 A N2-purged home-built glovebox over the
sample compartment eliminates the need for long purging times
to remove water vapor.
Ellipsometry. Ellipsometricmeasurementswereperformed

on dry films in air using a Gaertner L2W26D ellipsometer with
a70° angle of incidence. Thicknesses and refractive indiceswere
calculated using Gaertner software. Most measurements were
made with a He/Ne (633.8-nm) laser, but measurements using
an Ar+ laser (488.0 nm) confirmed these thickness values. Most
of the thicknesses were calculated assuming a film refractive
index (nf) of 1.46. For thicker films, (three to four layers), nf
values could be obtained using the Ar+ laser. The measured nf
value is 1.49 ( 0.01 for PTBA films and 1.54 ( 0.02 for PAA
films. The He/Ne laser does not give consistent values for nf
likely due to lower ellipticities at the longer wavelength. It was
not possible to accurately measure the nf of thinner (one to two
layers) PAA films. We find experimentally that using our
estimated nf value of 1.46 for the refractive index rather than
a measured value overestimates the PTBA thickness by ≈9%
and PAA thicknesses by ≈15%.
Fluorescence Spectroscopy. The fluorescence spectra of

pyrene-containing films were recorded with a SLM SPF-500C
steady-state spectrofluorometer using a 343-nm excitation
wavelength and slit widths of 5 and 2 nm for excitation and
emission, respectively. The film-coated wafer (≈1 × 3 cm) was
placed in a metal holder containing an opening (≈0.8× 3 cm) to
expose the center of the film. The holder was then placed
diagonally into a cuvette which was inserted in the instrument
sampleholder. This sampleholderwasadjusted from its normal
setting so that the incident angle of the excitation light was 59°.

(30) Zhou, Y.; Bruening, M.; Liu, Y.; Crooks, R. M.; Bergbreiter, D.
E. Langmuir 1996, 12, 5519.

(31) Kim, T.; Crooks, R. M.; Tsen, M.; Sun, L. J. Am. Chem. Soc.
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With this incident angle, a peak due to luminescence of the gold
substratewasminimized. Spectrawere takenwithin3minafter
the samples were placed in the cuvette, which was open to air
and filled with distilled H2O.
Surface Acoustic Wave (SAW) Device Measurements.

SAW device measurements were made at 25.0 ( 0.2 °C using
98-MHz ST-cut quartz oscillators housed in a home-built flow
system.34 The SAW devices were designed at Sandia National
Laboratoriesand fabricatedbyLanceGoddardAssociates (Foster
City,CA). Theactive surface regionof theSAWdevicewas coated
with 2000 Å of Au on a Ti adhesion layer. The relationship
between the change in frequency (∆f) of the SAW device and the
change in mass per unit area (mA) is given in eq 1, where fo is
the operating frequency of the device, κ is the fraction of the
center-to-centerdistancebetween the transducers that is covered
by the Au film (0.65 in this case), and cm is the mass sensitivity
of ST-cut quartz (1.33 cm2/g).35,36

Electrochemistry. Cyclic voltammograms were recorded
using a BAS100B electrochemical analyzer (Bioanalytical Sys-
tems, West Lafayette, IN). Measurements were made vs a Ag/
AgCl (3 M NaCl) reference electrode (BAS). The working
electrode was a Au film contained within a Teflon holder that
exposes 0.1 cm2 of the film. The0.1MLiClO4 electrolyte solution
was degassed with N2 for ≈15 min, and experiments were
performedwhile gently bubbling the solutionwithN2. The film-
modified electrode was immersed in the electrolyte solution for
5 min prior to the measurement.
Contact Angle Measurements, NMR, and Sonication.

Contact angles were measured with a Ramé Hart Model 100
goniometerusingdoublydistilledwater. Thecontactanglevalues
reported are the average of at least fourmeasurements obtained
atdifferent spots on the same film. Theestimatederror isusually
(2°, but it increases for low angles. 1H and 13C NMR spectra
were recorded using a Varian XL-200 spectrometer. Chemical
shifts are reported in ppm using hexamethyldisiloxane as the
internal standard. Sonicationwas performedusing aBransonic
52 ultrasonic cleaner (47 kHz, 200-W maximum output).
Materials. General. Unless otherwise specified, all com-

mercial reagentswereusedwithoutadditional purification.Poly-
(ethylene glycol), tert-butyl acrylate, 2-(aminomethyl)-15-crown-
5, 1-pyrenecarboxaldehyde, 1-pyrenebutyric acid, ferrocene-
methanol, N,N′-bis(3-aminophenyl)-3,4,9,10-perylenetetracar-
boxylic diimide, N-methylmorpholine, 4-(dimethylamino)pyri-
dine, andhydrochloric acidvolumetric standard solution inwater
(1.019 N) (for molecular weight titrations) were obtained from
Aldrich (Milwaukee, WI). 1H,1H-Pentadecafluorooctylamine
waspurchased fromPCR (Gainesville, FL). DMFwasdried over
molecular sieves for at least 1daybeforeuse. MUAwasprepared
according to a literature procedure.37 1-Pyrenemethanol was
synthesized by hydrogenation of 1-pyrenecarboxaldehyde using
sodium borohydride.
H2NR(PTBA)RNH2. 4′,4-Azobis(4-cyanovaleric acid) (380

mg, 1.36 mmol), 1,4-dioxane (60 mL), and 20 mL (136 mmol) of
tert-butyl acrylate were added to a flame-dried, three-necked
flask under argon. The solution was allowed to reflux for 20 h.
The polymer product was then precipitated from a mixture of
EtOH and distilled water and dried overnight under vacuum to
give 16.0 g of polymer. The product, HOOCR(PTBA)RCOOH (R
) C(CN)(CH3)(CH2)2), was then analyzed by 1H and 13C NMR
spectroscopy and was titrated with 0.01 M KOH in EtOH.
Termination of polymerization through processes other than
combination of chainswill yield a fewchainswith only oneCOOH
terminus. A solution containing 5.0 g of the above polymer in
30mL of CH2Cl2 was added to a flame-dried flask underAr, then
324mg of 1,1′-carbonyldiimidazole was added under argon with
vigorous stirring, and the mixture was stirred for 5 h. Ethyl-
enediamine (0.2mL) was introduced, and the stirring continued

overnight. After reaction, 100 mL of CH2Cl2 was added. The
organic layer was washed with H2O (3 × 30 mL) and dried over
anhydrousMgSO4. The solventwas evaporated, and theproduct
was dried overnight in vacuo to give awhite solid,H2NR(PTBA)-
RNH2 (R ) C(CN)(CH3)(CH2)2CONH(CH2)2) in 80% yield.
Although we used a large excess of ethylenediamine, it is still
possible that a few polymer chains combined through reaction
of both amine groups of ethylenediamine. The product was
titrated with 0.01 M HCl in EtOH. Mn values, which ranged
from 1.5× 104 to 2.5× 104, were calculated assuming two amine
termini per chain. A small number of chains probably contain
only one amine terminus. FTIR (KBr, cm-1): 3438, 1734, 1633,
1262, 1155. 1H NMR (200 MHz, CDCl3): δ 1.20-2.00 (m), 2.25
(br, s). 13C NMR (50 MHz, CDCl3): δ 28.06, 35.70, 35.84, 35.97,
36.11, 37.39, 41.94, 42.31, 80.35, 174.20.
N-2-(Aminoethyl)-1-pyrenebutanamide (Py(CH2)3CONH-

(CH2)2NH2) (I). 1-Pyrenebutyric acid (1.0 g, 3.47 mmol) was
placed in a 250-mL round-bottomed flask. To this flask was
then added 125 mL of benzene, 3.0 mL of thionyl chloride, and
a catalytic amount of dimethylformamide. This mixture was
stirred at room temperature until it became homogeneous and
then stirred an additional 1.5 h. The solvent was evaporated,
leaving a dark brown oily residue. FTIR analysis of the residue
showed no evidence of the carboxylic acid carbonyl peak (1710
cm-1) and the appearance of a strong carbonyl peak at 1800 cm-1

arising from the acid chloride. The residue was dissolved in 100
mLofmethylene chloride and addeddropwise (over a 1-h period)
to a solution of ethylenediamine (50mmol in 50mLofmethylene
chloride) at 0 °C. The resulting reaction mixture was stirred an
additional 10 h and washed with saturated NaCl (aqueous) (2
× 250mL) and pure H2O (150mL). The organic layer was dried
over anhydrousMgSO4and evaporated to give a brownish yellow
solid. This solid was recrystallized from a toluene-hexane
mixture to give a light yellow solid in 65% yield. Mp 110-113
°C (dec). FTIR (KBr, cm-1): 3425, 3312, 3042, 1646, 1545, 841,
759, 715, 683, 621. 1H NMR (200 MHz, CDCl3): δ 1.45 (br s,
NH2), 2.18-2.35 (m, 4 H), 2.78 (t, 2H), 3.25 (q, 2 H), 3.38 (t, 2
H), 5.85 (br, s, 1 H), 7.82-8.31 (m, 9 H). 13C NMR (50 MHz,
CDCl3): δ27.42,32.76,36.06,41.35,41.88,123.39,124.76,124.89,
124.97, 125.07, 125.83, 126.69, 127.35, 127.46, 128.77, 129.93,
130.89, 131.40, 135.86, 172.86. HRMS (m/e) calcd for C22-
H22N2OH+: 331.1810. Found: 331.1795. In addition to char-
acterizationby spectroscopyandHRMS, Iwasalso characterized
by elemental analysis. In this case, it analyzed correctly as a
hydrate, C22H22N2O‚1/2H2O. MS Calcd for C22H22N2O‚1/2 H2O:
C, 77.85; H, 6.83; N, 8.25. Found: C, 78.12; H, 6.63; N, 8.11.
NH2(PEG4600)NH2. Conversion of poly(ethylene glycol) (HO-

(PEG4600)OH) to an R,ω-diamine in 78% yield was accomplished
using a literature procedure that proceeds via an intermediate
dichloride.38 Mp 57-59 °C. 1H NMR (200MHz, CDCl3): δ 2.02
(s, br), 2.87 (t), 3.65 (s). 13C NMR (50 MHz, CDCl3): δ 41.50,
70.27, 73.14.

Results and Discussion

Derivatization of Hyperbranched PAA Films
through Amide and Ester Linkages. Derivatization
of grafted, hyperbranched PAA is a simple route to an
array of films. As examples of the wide variety of amino-
terminated molecules that can couple to PAA films, we
derivatized filmswithPy(CH2)3CONH(CH2)2NH2 (I,Chart
1) (a fluorescent group), H2NCH2-15-crown-5 (III) (a
macrocycle known for alkali metal-ion binding), APPCDI
(V) (a rigid aromatic dye),R,ω-NH2-poly(ethylene glycol)
(PEG, a biocompatible polymer), 1H,1H-pentadecafluo-
rooctylamine (H2N(CH2)(CF2)6CF3), allylamine, andalkyl-
amines. The fact that all of these amines couple to
hyperbranched PAA films shows that derivatization of
PAA via amide bonds is a general procedure.
We couple amine-containing molecules to hyper-

branched films by activating the pendant carboxylic acid
groups of PAA with isobutyl chloroformate and allowing
the newly formed anhydrides to react with the amino

(34) Yang, H. C.; Dermody, D. L.; Xu, C.; Ricco, A. J.; Crooks, R. M.
Langmuir 1996, 12, 726.

(35) Martin, J. S.; Frye, G. C.; Senturia, S. D. Anal. Chem. 1994, 66,
2201.

(36) Wohltjen, H. Sens. Actuat. 1984, 5, 307.
(37) Bain, C. D.; Troughton, E. B.; Tao, Y.-T.; Evall, J.; Whitesides,

G. M.; Nuzzo, R. G. J. Am. Chem. Soc. 1989, 111, 321.
(38) Greenwald, R. B.; Pendri, A.; Bolikal, D. J. Org. Chem. 1995,

60, 331.
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groups. FTIR-ERS shows that upon activation with
isobutyl chloroformate, the peak due to the acid carbonyl
(1730 cm-1) of PAA disappears and new anhydride peaks
appear at 1816 and 1767 cm-1. The disappearance of the
peak due to the acid carbonyl shows that the activation
process isnearlyquantitative. Weobserved thishigh level
of activation inPAAfilmscontainingone to fivePAAlayers
(Figure 1). Thus, PAA films are very permeable and
reactive to isobutyl chloroformate in DMF.
After reactionwithanamine, theanhydrideabsorptions

of the activated PAA film disappear, and amide peaks at
≈1660 and ≈1545 cm-1 appear as shown in Figure 2 for
three-layerPAAfilmsderivatizedwithH2N(PEG4600)NH2,
H2NCH2-15-crown-5, and Py(CH2)3CONH(CH2)2NH2. An
acid carbonyl peak is also seen, showing that a fraction
of the mixed anhydride reforms the acid, probably by
reaction of the amine with the carbonic acid carbonyl of
the mixed anhydride or moisture. Upon derivatization,
peaks characteristic of specific functional groups also
appear. For example, Figure 2 contains peaks due to a
H wagging mode of pyrene at 847 cm-1 and the C-O-C

stretchingmodesof theetherpeaksofPEGand15-crown-5
at 1144 and 1133 cm-1, respectively.
The hydrocarbon region of the FTIR-ERS spectrum

provides additional support for derivatization. Figure 3
shows the hydrocarbon region for a three-layer PAA film
beforeandafterderivatizationwith isopropylamine. After
derivatization, sharp peaks due to the CH3 and CH
stretches of the isopropyl group appear at 2972 (CH3),
2877 (CH3), and 2936 (CH) cm-1. The N-H stretch at
3330 cm-1 and the decrease in the broadOHstretch of the
carboxylic acid around 3100 cm-1 confirm conversion of
the acid to the amide. Spectral changes similar to those
shown in Figures 2 and 3 occurred in all of the amide-
derivatized films as a result of the conversion of many of
the carboxylic acid groups to amides.
We estimate coupling yields using the ratio of the acid

carbonyl peak height (≈1730 cm-1) after coupling to that
before coupling. The yields for the coupling of primary
amines are allylamine, 36%; isopropylamine, 41%;
H2N(PEG4600)NH2, 39%; H2NCH2-15-crown-5, 51%; H2-
NCH2(CF2)6CF3, 47%; Py(CH2)3CONH(CH2)2NH2, 64%;
and APPCDI, 41%.39 The yield for the coupling of
diethylamine to PAA is the lowest of any of the amines
(28%) and presumably reflects the lower reactivity of
secondary amines toward amidation. In preliminary
experiments, we also derivatized PAA films using thionyl
chloride and carbonyldiimidazole as activating agents.
These activation methods appear to be less effective for
amidation than isobutyl chloroformate activation.
Estimates of yields are probably conservative because

the new amide peaks overlap somewhat with the acid
carbonyl peaks. Additionally, the residual acid carbonyl
peaks generally have half-widths that are smaller than
thoseofunmodifiedPAA. To take intoaccount thepossible
formation of carboxylate salts during coupling, we mea-
sured the FTIR-ERS spectra of derivatized films after
acidification (5 min of immersion in 0.1 M HCl in EtOH
followed by an EtOH rinse). We used these spectra to
calculate the yields given above.

(39) The reported yields are the average of two different samples.
Yields forH2NCH2(CF2)6CF3, Py(CH2)3CONH(CH2)2NH2, andAPPCDI
weremeasuredonPAA films synthesizedusingabatchofH2NR(PTBA)-
RNH2 with a Mn value of 2.02 × 104. In the case of diethylamine,
allylamine, andH2N-PEG4600-NH2, we used H2NR(PTBA)RNH2 with a
Mn value of 1.87 × 104. Yields from duplicate experiments differed by
at most 6%, except in the case of isopropylamine (18% difference) and
H2NCH2-15-crown-5 (8% difference) where one experiment was per-
formed on each of the above-mentioned H2NR(PTBA)RNH2 batches.
The value of Mn may slightly influence the yields.

Figure 1. FTIR-ERS spectra of one- to five-layer PAA films
after activation with isobutyl chloroformate. The spectrum of
the five-layer PAA film before activation (top) is given for
comparison.

Figure 2. FTIR-ERS spectra of three-layer PAA films de-
rivatized with H2N(PEG4600)NH2, H2NCH2-15-crown-5, and
Py(CH2)3CONH(CH2)2NH2. The spectrumof a three-layerPAA
film before derivatization (top) is given for comparison. The
spectra of the derivatized films were taken after immersion in
0.1 M HCl in EtOH (EtOH rinse) to convert unreacted
carboxylate groups to the acids.

Figure 3. FTIR-ERS spectra of a three-layer PAA film
(hydrocarbon region) before (dashed line) and after (solid line)
derivatization with isopropylamine.
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In most cases, the increase in the acid carbonyl peak
after acidification is substantial as shown in Figure 4 for
a film derivatized with H2NCH2-15-crown-5. In control
experiments, we exposed unactivated PAA films to
H2N(PEG4600)NH2, H2NCH2-15-crown-5, and Py(CH2)3-
CONH(CH2)2NH2. FTIR-ERS spectra and ellipsometric
thicknesses show that in some cases ammonium salts
formed, but they are completely removed from the film by
acidification.
We can increase the coupling yield for isopropylamine

and other amines by reactivating the residual carboxylic
acid groups and again exposing them to a solution of the
amine. Figure 5 shows the FTIR-ERS spectra of a three-
layer PAA film after one, two, three, and four cycles of
activation with isobutyl chloroformate and reaction with
isopropylamine. Although the reaction yield increases
with each cycle, isopropylamine coupling yields greater
than 80% are impractical using this method.
Thickness changesuponderivatization canbedramatic.

We previously reported that derivatization with H2-
NCH2(CF2)6CF3 approximately doubles the thickness of
three-layer PAA films.30 Derivatization with Py(CH2)3-
CONH(CH2)2NH2 increases the ellipsometric thickness
by a factor of 2-3, while derivatizationwith the oligomer,

NH2(PEG4600)NH2, more than doubles the film thickness
(from ≈330 to 700 Å). Coupling of smaller amines like
isopropylamine and allylamine produced smaller thick-
ness increases (1.2- to 1.5-fold). The large magnitude of
thickness changes upon derivatization (measured after
acidification of the film to remove salts) shows that the
amino-terminatedmoleculesare reacting throughoutmost
of the film because reactions occurring only near the
surface would yieldmuch smaller changes. The fact that
largermolecules candouble or triple thickness shows that
size does not restrict access to anhydride groups in the
activated PAA film.
Coupling of alcohols to PAA via ester formation is also

possible. To couple alcohol-terminatedmolecules to PAA
films, we activate the carboxylic acid groups in the film
with isobutyl chloroformate and then allow an alcohol to
react with the anhydride groups in the presence of
triethylamine and 4-(dimethylamino)pyridine. Figure 6
shows the FTIR-ERS spectra of a three-layer PAA film
before and after derivatization with PyCH2OH. Because
the newly formed ester carbonyl peak appears at nearly
the same frequency as that of the acid groups (≈1730
cm-1), we cannot estimate the yield in these reactions
using the intensity of the acid carbonyl absorption.
However, the strongpyrenepeakat 847 cm-1 in theFTIR-
ERSspectrumshows that the filmcontainsa largenumber
of pyrene groups and the peak at 1166 cm-1 is likely due
to the newly formed ester groups. The decrease of the
broad OH stretch (≈3100 cm-1) upon derivatization also
suggests that the acid groups reacted to form esters. The
fluorescence measurements discussed below confirm a
high density of pyrene groups in these films. We discuss
derivatization of PAA films with FcCH2OH in the section
on cyclic voltammetry.
Fluorescence of Pyrene-Containing Films. Fluo-

rescence is a useful tool for investigating the distribution
of pyrene groups in derivatized films because pyrene
strongly emits as both a monomer and an excimer
depending on thenearest-neighbor distance.40 PAA films
(three-layer) derivatized using a high concentration of
either PyCH2OH (0.04 M) or Py(CH2)3CONH(CH2)2NH2
(0.05 M) show almost exclusively excimer fluorescence.
This demonstrates that pyrene groups are in close
proximity and, therefore, the film must contain a high
density of pyrene groups. Excimer fluorescence due to

(40) Taniguchi, Y.;Mitsuya,M.; Tamai,N.; Yamazaki, I.;Masuhara,
H. Chem. Phys. Lett. 1986, 132, 516.

Figure 4. FTIR-ERS spectra of a three-layer PAA film
derivatized with H2NCH2-15-crown-5 before (A) and after (B)
immersion in 0.1 M HCl in EtOH (EtOH rinse). The spectrum
of a three-layer PAA film (C) is shown for comparison.

Figure 5. FTIR-ERS spectra of a three-layer PAA film after
one to four cycles of activation with isobutyl chloroformate and
reaction with isopropylamine. The spectrum of the three-layer
PAA film before activation (top) is shown for comparison.

Figure 6. FTIR-ERS spectra of a three-layer PAA film before
and after derivatization with PyCH2OH.
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phase segregation of pyrene molecules on the surface is
ruled out by the large increase in thickness (2-3-fold)
upon derivatization with PyCH2OH or Py(CH2)3CONH-
(CH2)2NH2.
In some applications, control over the amount and

distribution of a moiety in the film is crucial. To control
the amount of Py(CH2)3CONH(CH2)2NH2 coupled to PAA
films,we simultaneously graftedH2NR(PTBA)RNH2 and
Py(CH2)3CONH(CH2)2NH2 to the filmsandvaried theratio
ofPy(CH2)3CONH(CH2)2NH2 toH2NR(PTBA)RNH2 in the
grafting solution (H2NR(PTBA)RNH2 concentration was
held constant, while Py(CH2)3CONH(CH2)2NH2 concen-
trationwasvaried). Figure7shows theFTIR-ERSspectra
of several two-layer PAA films after activation and
exposure to solutions containing different ratios of Py-
(CH2)3CONH(CH2)2NH2 to H2NR(PTBA)RNH2. Grafted
PTBAwas hydrolyzed before measuring the spectra. The
intensity of the pyrene absorption at 847 cm-1 decreases
with a decreasing ratio of Py(CH2)3CONH(CH2)2NH2 to
H2NR(PTBA)RNH2 in the coupling solution. The fluo-
rescence spectra of these samples showed that excimer
fluorescence (broad peak at 478 nm) decreases with a
decreasing ratio of Py(CH2)3CONH(CH2)2NH2 to H2NR-
(PTBA)RNH2, while monomer fluorescence (peaks at 379
and 399 nm) increases as shown in Figure 8. Thus, we
can prepare polymer films with dilute concentrations of
fluorescent labels. While the lower concentrations of
pyrene in the above-described films could be due to
competition between Py(CH2)3CONH(CH2)2NH2 and H2-
NR(PTBA)RNH2, other experiments show that the low
concentrationofPy(CH2)3CONH(CH2)2NH2 in thecoupling
solution (1.6 × 10-5 N in the case of the 1:50 ratio) is the
major factor. For example, monomer fluorescence also
resultedwhenweused1.6×10-5NPy(CH2)3CONH(CH2)2-
NH2 in coupling experiments performed in the absence of
H2NR(PTBA)RNH2.
Cyclic Voltammetry of Ferrocene-Containing

Films. Cyclic voltammetry ofFcCH2OH-derivatizedPAA
films in the absence of other electroactive species in
solutionshows theoxidationandreductionof the ferrocene
groups in the film (Figure 9). Ferrocene groups are
therefore present in sufficiently high concentration to be
withinelectron-hoppingdistance. Murrayandco-workers
previously observed similar voltammetry using poly-
(vinylferrocene) films.41,42 Integration of the oxidation or

reduction peak shows that the film contains at least (6 (
3)× 10-9mol/cm2 of ferrocene. A fraction of the ferrocene
in the film may be electrically isolated and thus not
electroactive, so this value of ferrocenyl surface coverage
represents a lower limit. From this surface coverage and
the ellipsometric thickness of N2-dried films (≈500 Å),
there are approximately 1.2 × 10-3 mol/cm3 of ferrocene
in the film. The density of the ferrocene groups in a
homopolymer of [CH2CH(CO2CH2-ferrocene)]nwould be
about 3.6 × 10-3 mol/cm3 (assuming a mass density of 1
g/cm3). The level of derivatization in the hyperbranched
polymers is, therefore, quite high.
Stability ofPAAFilmsandTheirDerivatives. We

intend to incorporate hyperbranchedPAA films and their
derivatives into sensor and anticorrosion applications.
Thus, the stability of these films is an important issue.
We examined the stability of films under various condi-
tions includingmildheating, sonication, solventextraction
in a Soxhlet apparatus, and immersion in aqueous acid

(41) Daum, P.; Murray, R. W. J. Electroanal. Chem. 1979, 103, 289.
(42) Daum, P.; Murray, R. W. J. Phys. Chem. 1981, 85, 389.

Figure 7. FTIR-ERS spectra of two-layer PAA films after
simultaneous grafting of Py(CH2)3CONH(CH2)2NH2 and H2-
NR(PTBA)RNH2 using mole ratios of 1:50, 1:20, 1:5, and 1:1
(Py(CH2)3CONH(CH2)2NH2 to H2NR(PTBA)RNH2) in the graft-
ing solution.

Figure 8. Fluorescence spectra of two-layer PAA films before
(A) and after simultaneous grafting of Py(CH2)3CONH(CH2)2-
NH2 and H2NR(PTBA)RNH2 using 1:50 (B), 1:20 (C), and 1:1
(D) ratios of Py(CH2)3CONH(CH2)2NH2 to H2NR(PTBA)RNH2
in the grafting solution. The fluorescence spectrum of bare Au
(inset) is shown for comparison.

Figure 9. Cyclic voltammetry of a three-layer PAA film
derivatized with FcCH2OH (aqueous 0.1 M LiClO4, scan rate
) 20 mV/s).

776 Langmuir, Vol. 13, No. 4, 1997 Bruening et al.



andbase. Except in one limited case (vide infra), the films
proved to be quite stable.
We sonicated a three-layer PAA film for 15min in both

0.1 M HCl and acetone and observed no change in its
FTIR-ERS spectrum. We have also sonicated films
derivatized with FcCH2OH, PyCH2OH, andH2NCH2(CF2)6-
CF3 in CHCl3 and find that all of these films are stable.
Soxhletextractionusingmethylenechloridedidnot change
the ellipsometric thickness or FTIR-ERS spectra of PAA
films evenwhen the extraction was performed overnight.
The fact that the hydrolysis step used for preparing PAA
films occurs at 55 °C shows that these films are stable
under mild heating in benzene.
Exposure to aqueous acid does not damage PAA films.

However, treatment with base can remove the PAA film
from the Au substrate in the case of very thick films.
Thinner films aremore stable. Ellipsometric thicknesses
andFTIR-ERSspectraof two-layerPAAfilms (200Åthick)
areunchangedbyanovernight immersion in 0.1MNaOH
(aq) followed by a 5-min immersion in 0.1MHCl (aq) and
an EtOH rinse. Three-layer PAA films thinner than 350
Å are stable to treatment with 0.1 M NaOH and
subsequentacidification (0.1MHCl). Four- and five-layer
PAA films made from polymer batches that yield thin
three-layer PAA films are also stable under these condi-
tions. However,wehave observed that some thick (>500-
Å) three-layer PAA films are completely removed (film
thickness decreases to ≈30 Å) from the substrate upon a
5-min exposure to 0.1 MNaOH (aq) followed by an EtOH
rinse. (Film thicknesses depend on the batch of H2NR-
(PTBA)RNH2 used. At present, we do not know which
distinctions among different H2NR(PTBA)RNH2 batches
contribute todiffering film thicknesses.) Some thick three-
layer PAA films are even partially removed by a 5-min
immersion in a pH 7 buffer. The FTIR-ERS spectrum of
a thinner three-layer PAA film (350 Å) shows that most
acid groups in PAA films are deprotonated after exposure
toapH7buffer. Wehypothesize thatuponsalt formation,
PAA becomes so soluble that it is in effect plucked up by
its single Au-thiolate root. In one case, we divided a
thick three-layer PAA sample (550 Å) in two and deriva-
tized onepiecewithH2NCH2(CF2)6CF3.30 The fluorinated
filmwas stable to an overnight immersion in 0.1MNaOH
(aq),while theunderivatized filmwas removedbya5-min
immersion in 0.1 M NaOH (aq). We think that the
presence of the perfluorinated alkane chains rendered
the film hydrophobic and insoluble in water, thus stabi-
lizing the film in basic solution.
To make thick, underivatized PAA films stable under

basic conditions, we used a monolayer of HS(CH2)10-
CtCCtC(CH2)10COOH(rather thanMUA)asanadhesion
layer for grafting PAA. The diacetylenic monolayer has
the advantage that it polymerizes underUV light to yield
a poly(diacetylene) (PDA) monolayer that is stable under
aggressive conditions.43 If ourhypothesis concerning film
removal is correct, then polymerization of the monolayer
would stabilize grafted PAA films as removal of grafted
PAA from the Au substrate requires breaking multiple
Au-thiolate bonds. Indeed, when we prepared ≈460-Å-
thick three-layer PAA films on PDA monolayers, these
films were stable towards a 5-min immersion in 0.1 M
NaOH. Four- and five-layer PAA films on PDA mono-
layers (1000and1700Å thick, respectively) arealso stable
in 0.1 M NaOH.44

The stability of the PAA films under a variety of
conditions likely results from the covalent bonds between
grafted layers. In a previous paper, we pointed out that
amide peaks in the FTIR-ERS spectrum showed that the
PAAchains are covalently grafted. However, because the
grafting chains contain amide groups, new amide peaks
can result from the polymer chains, aswell as fromamide
linkages formed upon grafting. Thus, amide peaks in the
FTIR-ERS spectrum of these films do not definitively
demonstrate covalent linkages. DerivatizationwithNH2-
(PEG4600)NH2, however, shows the unambiguous forma-
tion of amide linkages to anamino-terminatedPEGchain
that does not contain amide groups. A similar linkage
should occurwithH2NR(PTBA)RNH2. Covalent bonding
in PAA layers is also strongly implied by the stability of
the films and by the fact that when we attempted to graft
a layer of PTBA onto the MUA monolayer or a layer of
PAAwithout using isobutyl chloroformate activation, the
film thickness increased by only a few angstroms.1

Changes inEllipsometric Thickness andContact
Angles with pH. The ellipsometric thicknesses and
water contact angles of PAA films depend upon the state
of CO2H ionization in the film. Figure 10 shows the FTIR
spectra of a three-layer PAA filmafter a 5-min immersion
in 0.1 MNaOH (aq) (EtOH rinse) and after a subsequent
5 min immersion in 0.1 M HCl (aq) (EtOH rinse). After
treatment with NaOH, salt peaks appear and the acid
carbonyl peak vanishes. The disappearance of the acid
carbonyl peak shows that virtually all of the acid groups
in the film are accessible to OH-. The ellipsometric
thickness of the film is greater in the deprotonated form,
as shown in the inset of Figure 10. For the three-layer
filmswe tested, theellipsometric thickness cycledbetween
340 and 500 Å after treatment with 0.1 MHCl and 0.1 M
NaOH, respectively. We rinsed the sample with EtOH to
prevent residualNaOHfromincreasing the filmthickness.
To further check that residual, precipitated NaOH was
not increasing the film thickness, we decreased the OH-

concentration to 0.005 M. In this case, we see the same
result as with 0.1 M NaOH. Two- and four-layer PAA
films showed similar trends. The film thickness changed
from 170 to 250 Å for a two-layer film and from 620 to 950
Å for a four-layer film. These thickness increases likely
arise fromthe incorporation ofNa+ ionsalongwith solvent
into the film and the breaking of H-bonds.

(43) Kim, T.; Chan, K. C.; Crooks, R. M. J. Am. Chem. Soc., in press.
(44) The stability of PAA films on PDA monolayers supports our

hypothesis, but we note that thick three-layer PAA films on PDA were
about 50 Å thinner than MUA-grafted films that were removed from
the substrate. A slightly different PAA film structure could also
contribute to the stability of films grafted on PAA.

Figure10. FTIR-ERSspectra of a three-layerPAA filmbefore
(A) and after (B) immersion in 0.1 M NaOH (aq) (EtOH rinse).
The inset shows the ellipsometric thickness of a three-layer
PAA film after several acid and base treatments. The thick-
nesses were measured after rinsing the sample with EtOH.
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One other possible reason for the changes in ellipso-
metric thicknessupondeprotonation is that the refractive
index of the film changes upon ionization while the
thickness is relatively constant. In our measurements,
we assumeda refractive index of 1.46 for both forms of the
film. To test this assumption, we measured both the
refractive index and the thickness of the three-layer PAA
films before and after deprotonation. We find that the
refractive index actually decreases slightly from 1.54 to
1.51 at 488 nmupon deprotonation. Using themeasured
refractive indices to determine the thickness instead of
assuming an index of 1.46 (633.8 nm) gives no significant
difference in thickness changes upon deprotonation.
We measured thickness changes due to deprotonation

on samples containing from two to five layers of PAA and
observed changes ranging from40%to55% inall samples,
regardless of the number of layers. Therefore, thicker
films undergo much larger absolute thickness changes.
Thewater contact angles of PAA filmsalso change after

deprotonation. Advancingwater contactanglesdecreased
from21° to<5° after treating a three-layer PAA filmwith
0.1 M NaOH (aq) and rinsing with EtOH. Treatment
with 0.1 M HCl (aq) (EtOH rinse) returns the contact
angle to≈21°. We have repeated the cycling of PAA films
between acid and carboxylate forms (with the subsequent
cycling of thickness and contact angle) 8 times without
degradation of the film. In a four-layer PAA film, the
contact angle changes from24° to<5°upondeprotonation.
DosingPAAFilmswithVaporsofVolatileOrganic

Compounds (VOCs). We intend to use derivatized
hyperbranched films as chemically sensitive interfaces in
sensor applications, and therefore, we present here
preliminary results regarding theabsorption ofVOCs into
PAA films. We synthesized hyperbranched PAA films on
Au-coated SAW devices and used them to measure mass
changes in PAA films upon exposure to vapors of VOCs.
Figure 11 shows the mass changes of MUA, three-layer
PAA, andH2NCH2(CF2)6CF3-derivatized three-layerPAA
filmsuponexposure tovapors ofVOCs (25%of saturation).
The responses of one-, two-, and three-layer PAA films
are similar to that of a MUA monolayer. This suggests
that the VOCs are not able to penetrate the PAA films.
This might occur because the film is very tightly packed
due tohydrogenbondingorbecausepotentialVOCbinding
sites are occupiedwith the solvents used in synthesis and
rinsing. Derivatization of a three-layer PAA film with
H2NCH2(CF2)6CF3,however, increases theamountofpolar
VOCs absorbed in the film by an order of magnitude. The
large hydrophobic side chains in the polymer probably
open the film. Theymayalso reduce theamount of solvent
in the film.

Conclusions

Derivatization of hyperbranched PAA films through
amideor ester linkages is ageneral procedure for inserting
a wide variety of functionalities into PAA films. The size
of the derivative molecules does not restrict coupling to
PAA films. Derivatized films can contain a high density
of many different types of functional groups as shown by
FTIR-ERS, large increases in ellipsometric thicknesses
upon derivatization, the dominance of excimer peaks in
fluorescence spectra, and cyclic voltammetry of films

containing ferrocenegroups. Highdensities of derivatives
suggest that the PAA films are relatively open in solution
and accessible to a wide variety of reactants. Although
unmodified PAA films do not absorb vapors of VOCs to an
appreciable extent, derivatization of PAA films with H2-
NCH2(CF2)6CF3 expands the film and increases the
amount of polar VOCs absorbed by up to an order of
magnitude.
Hyperbranched PAA films are stable under acidic,

sonication, and Soxhlet extraction conditions. Polymer-
izationof themonolayer (PDA) towhich thePAA isgrafted
stabilizes thick PAA films toward basic conditions.
Stability in basic and acidic solutions occurs in spite of
large changes in film thickness upon deprotonation. Due
to their stability and the wide range of derivatives that
can be prepared, we are investigating PAA films for
applications in areas such as corrosion-resistant coatings
and chemical sensing.
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Figure 11. Mass changes of MUA monolayers, three-layer
PAA films, andH2NCH2(CF2)6CF3-derivatized three-layerPAA
filmsupondosingwith several volatile organic compounds (25%
saturation vapor pressure). The mass changes were measured
using SAW devices.
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