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We compare the interfacial reactivity between vapor- or liquid-phase heptanoyl chloride (CsCOCI) and
hydroxyl-terminated monolayers prepared from 4-hydroxythiophenol (HTP), 11-mercaptoundecanol (MUD),
and a hydroxyl-terminated, fourth-generation poly(amidoamine) (PAMAM) dendrimer (G4-OH). Fourier
transform infrared—external reflection spectroscopy indicates that both vapor- and liquid-phase C¢COCI
reacts with all three hydroxyl-terminated self-assembled monolayers (SAMs) to yield ester-coupled bilayers.
The spectroscopic data were confirmed by contact-angle goniometry, which revealed advancing contact-
angle increases of between 60 and 75° after vapor-phase reaction, and ellipsometric measurements, which
indicated that the films increased in thickness by 0.4—0.6 nm. Similar results were obtained when the
ester-coupling reaction was carried out in liquid-phase CH>Cl,. Real-time, quantitative surface acoustic
wave (SAW)-based nanogravimetry indicates that the vapor-phase reactions go to completion in <1 min.
The order of reactivity of the monolayers decreases in the order G4-OH > MUD > HTP. This is interpreted
in terms of monolayer structure and the intrinsic properties of the particular coupling reaction studied.

Introduction

In this report we compare the interfacial reactivity
between vapor- or liquid-phase heptanoyl chloride (Ce-
COCI) and hydroxyl-terminated monolayers prepared
from 4-hydroxythiophenol (HTP), 11-mercaptoundecanol
(MUD), and a hydroxyl-terminated, fourth-generation
poly(amidoamine) (PAMAM) dendrimer (G4-OH) (Scheme
1). The objective of this study is to begin the process of
systematically developing an understanding of the factors
influencing organic synthesis in the absence of solvents.
Such conditions offer promise for studying and finding
technological uses for reactions that do not proceed in the
presence of liquid solvents or are adversely affected by
the presence of solvent.! Moreover, solvent-free processes
lend themselves to automation and eliminate the need for
solvent remediation.?

Thus far, our work in this area has focused on
demonstrating the feasibility of using vapor-phase reac-
tants to carry out chemical reactions on self-assembled
monolayers® (SAMs) of w-functionalized organomercap-
tans confined to Au substrates. For example, we previously
reported real-time measurements of the coupling reaction
between surface-confined monolayers of HTP and vapor-
phase dimethyloctylchlorosilane.* Fourier transform in-
frared—external reflection spectroscopy (FTIR—ERS) dem-
onstrated that this reaction yields a new siloxane bond in
the linked bilayer, and surface acoustic wave (SAW)-based
nanogravimetry indicated that the reaction proceeded
rapidly and quantitatively. This system provides a good
model for studying the reactivity of silanes at hydroxylated
surfaces such as those that can be formed on glass and
many metal oxides.® Hydrogen-bonded® and electrostati-
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Scheme 1

cally bonded®7 bilayers can also be quantitatively formed
at the solid/vapor interface. For example, alkanoic acids
can self-assemble onto acid-functionalized organomer-
captans.® Similarly, primary amines self-assemble onto
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acidic monolayers via a strong electrostatic interaction
following proton transfer from the acid to the vapor-phase
base.5”

In addition to our own work, a number of other studies
have appeared that demonstrate alternative approaches
for linking vapor-phase reactants and w-functionalized
SAMs.8~13 For example, functionalization of hydroxyl-and
acid-terminated SAMs with vapor-phase anhydrides is
an especially promising strategy.®° Corn and co-workers
carried out the derivatization of surface-confined car-
boxylic acid groups by activation with vapor-phase thionyl
chloride and subsequent reaction with different amines
and alcohols.'® The reaction between vapor-phase phenyl
isocyanate and hydroxyl- and acid-terminated SAMs has
been studied under ultrahigh vacuum (UHV) conditions,
but no reaction occurs at room temperature.'* Although
vapor-phase reactions with less well-defined substrates
have also been described,?13 to the best of our knowledge
these are the only examples of reactions between organic
monolayers and vapor-phase reactants.

It is possible to draw a number of conclusions from the
aforementioned studies. First, there are a number of
successful strategies for preparing covalently linked
bilayers from organic monolayers and vapor-phase reac-
tants. In addition, such reactions may proceed rapidly
and go to completion. Second, the reactants must have
sufficient vapor pressure under the experimental condi-
tions to reach the monolayer surface. A particularly
successful strategy for ensuring sufficient vapor pressure
at room temperature and atmospheric pressure has been
to fully or partially fluorinate the vapor-phase reactant.
Third, reaction byproducts must have sufficient vapor
pressure that condensation is precluded and the byprod-
ucts must not react with the reactants to yield a low-
vapor-pressure contaminant, such as an ammonium salt.
Fourth, surface reactions must proceed in the absence of
catalysts and thus may be limited to simple substitution-
or addition-type reactions.

In this study, the base monolayers (HTP, MUD, and
G4-OH) were prepared on Au substrates from ethanolic
solutions. The monolayer-modified Au substrates were
then exposed to the acid chloride vapor diluted in a flowing
stream of dry N,. This results in the formation of bilayer
assemblies coupled via ester linkages (Scheme 1). The
byproduct of this reaction is gaseous HCI that is removed
from the monolayer surface in the N, stream. For
comparison, this same coupling chemistry was also carried
out in liquid-phase solvents. Finally, the substrates were
characterized before and after linking using contact-angle
measurements,*415 ellipsometry,'® FTIR—ERS,*” and SAW-
based nanogravimetry'® to determine the extent of reaction
and the chemical and physical properties of the resulting
bilayer.
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Experimental Section

Chemicals. The following chemicals were purchased from
the Aldrich Chemical Co. (Milwaukee, W) and used as received:
MUD, 97%; C¢COCI, 99%; dichloromethane, 99.8%; acetonitrile,
99.8%; and pyridine, 99.8%. HTP (Aldrich, 90%) was purified by
vacuum sublimation before use. Fourth-generation, hydroxyl-
terminated poly(amidoamine) dendrimers (G4-OH) (51% w/w,
MeOH) (Dendritech, Inc., Midland, MI) and 100% ethanol
(Quantum Chemical Co., Tuscola, IL) were used as received.
Water was purified (resistivity = 18 MQ-cm) using a Milli-Q
reagent water system (Millipore, Bedford, MA). N, from gas
cylinders had a purity of at least 99.995% and was passed through
two Drierite gas drying units (Hammond 26800, Fisher Scientific
Co., Pittsburgh, PA) before use.

Substrates. Au-coated substrates were prepared by electron-
beam deposition of 10 nm of Ti followed by 200 nm of Au onto
Si(100) wafers (Lance Goddard Associates, Foster City, CA).”
The wafers were subsequently diced into 2.6 cm x 1.3 cm pieces.
SAW devices were coated with Au in the same manner on polished
ST-cut quartz (Lance Goddard).®

Procedures. Before each experiment all wafers and SAW
devices were cleaned in a low-energy ozone cleaner for 10 min
(model 135500, Boekel Industries, Inc.). Diced wafers and SAW
devices were rinsed with warm ethanol for 1-2 min and then
soaked for >18 h in either an ethanolic 1 mM solution of HTP
or MUD, or in a 0.1 mM ethanolic solution of G4-OH. After they
were removed from the soaking solution, the substrates were
rinsed with ethanol, sonicated for 1—2 min in ethanol to remove
physisorbed material, rinsed with ethanol again, and then dried
in a stream of N,. The base-layer-modified Au substrates were
analyzed by contact-angle and ellipsometric measurements, as
well as FTIR—ERS, prior to vapor- or liquid-phase functional-
ization.

Vapor-Phase Functionalization. Immediately after base-
layer modification, the substrates were transferred to a clean
borosilicate glass vial fitted with a Teflon/silicone septum. This
vessel was purged with N for at least 20 min prior to dosing with
the vapor-phase reactants. Vapor-phase CcCOCI was generated
by passing N at 0.25 L/min over the headspace of a vial containing
neat liquid CsCOCI. The resulting subsaturated vapor was passed
over the base-layer-modified substrate via a 1.5 mm i.d. Teflon
tube for 20—30 min. Excess reactant was removed from the
reaction vial and substrate surface by purging with pure N for
20 min prior to bilayer characterization. FTIR—ERS spectrawere
obtained immediately after purging with N, and again after
sonicating and rinsing with CH,Cl, or CH3CN to ensure covalent
linking of the bilayer and removal of physisorbed material. Naked
Au substrates were also dosed with the vapor-phase reactants
and rinsed as described above to ensure that this protocol
completely removed physisorbed reactants. All vapor-phase
functionalization experiments were carried out at 23 + 2 °C.

Liquid-Phase Functionalization. Bilayers were also pre-
pared by liquid-phase reaction. For these studies Au substrates
modified with the base monolayers were immersed in a 0.1 M
solution of C¢COCI in dry CHCl, containing an excess (0.2 M)
of dry pyridine. The progress of the reaction was checked by
FTIR—ERS every 10 min for an hour, and the spectra stopped
changing after 20 min. The spectra shown in this paper were
obtained after a reaction period of 30 min. For the vapor-phase
experiments, a naked Au substrate served as a control. The liquid-
phase reactions were carried out at 23 + 2 °C.

FTIR-ERS. FTIR—ERS measurements were made using a
Digilab FTS-40 spectrometer (Bio-Rad, Cambridge, MA) equipped
with a Harrick Scientific Seagull reflection accessory (Ossining,
NY) and a liquid-N,-cooled mercury cadmium telluride (MCT)
detector. All spectra were the sum of 256 individual scans and
obtained at 4 cm~! resolution using p-polarized light at an 84°
angle of incidence with respect to the Au substrate.®

Ellipsometric Thickness Measurements. Ellipsometric
measurements were made in air with a Gaertner Scientific
(Chicago, IL) model L2W26D ellipsometer using a 70.00 + 0.02°
angle of incidence, 632.8 nm laser light, and assuming a film
refractive index (ny) of 1.46. The reported thicknesses are the
average of 25 measurements made at five different locations on
each of five independently prepared substrates. The estimated
error in the thickness measurements is £0.3 nm.
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Figure 1. FTIR—ERS spectra of (a) an HTP monolayer; (b) an
HTP monolayer after exposure to vapor-phase CsCOCI; and (c)
an HTP monolayer after exposure to a solution of CH.Cl,
containing CsCOCI and pyridine.

Contact-Angle Measurements. Advancing water contact
angles were measured using an FTA-200 goniometer (First Ten
Angstroms, Portsmouth, VA) and double-distilled water. The
stage holding the substrate was housed in atransparent enclosure
to minimize exposure of the Au surface to the surroundings. The
reported thicknesses are the average of 25 measurements made
at five different locations on each of five independently prepared
substrates. The estimated contact-angle error is +5°.

SAW Device-Based Nanogravimetry. SAW device mea-
surements were made at 22 + 1 °C using two ST-cut quartz
oscillators housed in a custom built flow system.%1° Modified
SAW devices were dosed with ~25%-of-saturation CsCOCI vapor
diluted in Ny (flow rate, 0.5 L/min). In the thin-film limit, the
change in SAW-device frequency (Af) is related to the mass
loading per unitarea (m,) through the equation Af/fo = —«Cmfoma,
where f; is the SAW resonance frequency (96 MHz), « is the
fraction of the distance between the centers of the transducers
covered by the chemically modified Au film (0.7), and cy, is the
mass-sensitivity coefficient of the device (1.33 cm?/g-Hz) for ST-
cut quartz.’819 All surface concentrations are corrected for a
surface roughness factor of 1.2 4-0.2.67.19 The dosing experiments
were repeated at least four times on independently prepared
SAW devices and the results were found to be within +£1 ppm
of the average value of Af.

Results and Discussion

Figure 1 shows FTIR—ERS spectra of an HTP monolayer
before (spectrum a) and after vapor-phase (spectrum b)
and liquid-phase (spectrum c) derivatization with CsCOCI.
The spectrum of the base HTP monolayer prior to dosing
reveals peaks at 1594, 1579, 1487, and 1428 cm~! that are
characteristic of the HTP aromatic ring.* After dosing with
vapor-phase CsCOCI these bands change slightly, and two
new bands are apparent at 1760 and 1250 cm™, which
are assigned to the »(C=0) and »(C—0O) modes, respec-
tively, of the new ester-linked bilayer (Scheme 1).2° When
the same reaction is carried out in liquid CH,Cl; a very
similar spectrum results, which confirms, at least quali-
tatively, that this reaction proceeds similarly in liquid
and vapor phases.

A careful comparison of all three spectra in Figure 1
indicates significant differences in the position and
magnitude of the ring-derived IR bands depending on how
the coupling reaction is carried out. For example, the
spectrum obtained after liquid-phase coupling reveals
near-complete disappearance of the bands at 1594 and
1579 cm™1, arising from quadrant stretching modes of the
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Table 1. Contact-Angle, Ellipsometric Thickness, and
Nanogravimetric Data for Monolayers and Bilayers
Prepared by Vapor- and Liquid-Phase Reaction between
CsCOCI and HTP, MUD, and G4-OH Monolayers

base contact-angle (deg)@ film thickness (nm)P° mass®
monolayer initial vapor liquidd initial vapor liquidd (ng/cm2)

Au only <10 <10 <10 - - - -

AuU/HTP 20 95 105 0.6 1.0 11 48+7
Au/MUD 15 90 95 1.2 1.6 17 61+5
Au/G4-OH 15 75 85 1.6 2.2 23 44+8

a Average of five advancing water contact-angle (6,) measure-
ments made on each of five independently prepared substrates.
b Average of five different ellipsometric thickness measurements
made at five different locations on each of five independently
prepared substrates. ¢ Change in mass before and after exposure
of the base layer to vapor-phase C¢sCOCI. The value shown is the
average of four measurements made on independently prepared
SAW devices after correcting for a surface roughness factor of 1.2.
d Prepared in a CH,Cl, solution containing 0.1 M C¢COCI and 0.2
M pyridine.

ring, and the band at 1428 cm~2, which is attributed to
a semicircle stretch.?° Compared to the HTP-only mono-
layer, similar but less dramatic changes in these same
bands are evident when the bilayer is prepared in solvent-
free conditions. We attribute these spectral differences to
reaction-induced changes in the orientation of the HTP
ring.t” There is another interesting aspect of Figure 1:
the ester C—0 band intensity is significantly stronger
than that of the C=0 band, whereas the relative mag-
nitude of these two bands is usually reversed in bulk-
phase IR spectra of esters.?! We ascribe this result to the
high degree of orientation of this bond within the
bilayer:?223 although the C—O oscillator strength is
weaker than C=0, the surface-parallel orientation of the
latter greatly reduces its intensity, whereas the opposite
is true for C—0O. Note that no additional changes in the
spectra shown in Figure 1 were observed after the
monolayers were rinsed and sonicated in CH,Cl, or CHs-
CN, which indicates that simple N, purging removes
whatever unreacted, physisorbed CsCOCI might remain
on the surface after dosing. This result has important
consequences for the nanogravimetric data discussed later.

The FTIR—ERS results shown in Figure 1 indicate at
least partial esterification of the hydroxyl-terminated HTP
monolayer upon reaction with vapor-phase CsCOCI, and
ellipsometric-thickness and contact-angle measurements
confirm this finding (Table 1). Prior to reaction the HTP
monolayer has a contact angle of 20°, which confirms that
the hydrophilic hydroxyl group is exposed at the monolayer
surface. However, the contact angle increases to 95 or
105° after reaction with vapor- or liquid-phase CsCOCI,
respectively. The corresponding ellipsometric thicknesses
increase after reaction by 0.4 and 0.5 nm. These values
are somewhat lower than the 0.75 nm increase expected
for an all-trans, extended seven-carbon chain.?* This
suggests incomplete reaction, a tilted orientation of the
bilayer, gauche defects, error in the ellipsometric thickness
measurements, or (most likely) a combination of all four
effects. However, the important point is that there is a
significant and reproducible increase in the thickness and

(21) Silverstein, R. M.; Bassler, G. C.; Morrill, T. C. Spectrometric
Identification of Organic Compounds, 4th ed.; John Wiley: New York,
1991.

(22) Ryswyk, H. V.; Turtle, E. D.; Watson-Clark, R.; Tanzer, T. A.;
Herman, T. K.; Chong, P. Y.; Waller, P. J.; Taurog, A. L.; Wagner, C.
E. Langmuir 1996, 12, 6143.

(23) Engquist, 1.; Lestelius, M.; Liedberg, B. Langmuir 1997, 13,
4003.

(24) Calculated using Cerius? 3.0, Molecular Simulations, Inc., San
Diego, CA, 1997.
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Figure 2. Representative in-situ SAW device frequency
responses obtained for dosing monolayers of (&) HTP, (b) MUD,
and (c) G4-OH with ~25%-of-saturation CcCOCI vapor mixed
with dry Na.

contact-angle of the bilayer film after reaction, which is
fully consistent with addition of the ester-coupled hydro-
carbon. Moreover, the magnitude of the increase is about
the same regardless of whether the reaction is carried out
in the vapor or liquid phase.

Part a of Figure 2 provides typical, quantitative,
unprocessed nanogravimetric data corresponding to the
HTP/C¢COCI coupling reaction. These data were obtained
by dosing an HTP-modified SAW device with ~25%-of-
saturation CsCOCI vapor diluted in N,. At the beginning
of the experiment the SAW device was purged with N,
until the frequency stabilized. Next, the HTP surface was
exposed to ~25%-of-saturation CcCOCI vapor for 500—
600 s and then purged with N, for >3000 s until the
baseline stabilized. The just-discussed IR data indicate
that N, purging removes all physisorbed CsCOCI, so we
are confident that the observed frequency response
corresponds nearly exclusively to covalently linked re-
actant. This experiment was carried out four times on
independently prepared SAW devices, and the average
change in frequency (Af) before and after exposure to Ce-
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Figure 3. FTIR—ERS spectra of (a) a MUD SAM; (b) a MUD
SAM after exposure to vapor-phase CcCOCI; and (c) a MUD
monolayer after exposure to a solution of CH,ClI, containing
CsCOCI and pyridine.

1000

COCl was 5.1 + 1.2 ppm (note: the data shown in the
figure correspond to just one of the four trials), which
corresponds to 48 4 7 ng/cm? (0.43 4 0.06 nmol/cm?) after
taking into account the Au surface roughness factor of
1.2. If we assume monolayer coverage of HTP,”° this mass
corresponds to 55% of the surface-confined HTP reacting
with CsCOCI vapor. This can be compared to the reaction
between surface-confined HTP and vapor-phase [CHs-
(CH,)7]1(CHj3),SiCl, which we previously showed went to
completion.* Thus, the low reactivity observed for the HTP/
CsCOCI esterification reaction is not inherent to the
chemical or structural motif of the HTP monolayer, but
rather is governed by the vapor-phase reactant. Moreover,
because the structures of both CsCOCI and [CH3(CH)/]-
(CHj3),SiCl are dominated by very similar hydrocarbon
moieties, we propose that the differences in reactivity are
mostly due to mechanistic differences between the si-
lanization and esterification reactions.

To better understand how the chemical and structural
properties of the base monolayer affect this ester coupling
reaction, we compared the just-described results for the
aromatic alcohol to a base monolayer composed of the
aliphatic alcohol MUD. FTIR—ERS results confirming
coupling between MUD and C¢COCI are shown in Figure
3. Prior to reaction no distinct bands are observed in the
spectral region shown in spectrum a, but bands at 2923
and 2852 cm! (not shown) which we attribute to asym-
metric and symmetric methylene bands, respectively,
confirm the presence of MUD on the Au substrate. After
exposure of the MUD base monolayer to vapor- or liquid-
phase CsCOCI, two new bands at 1740 and 1250 cm™* are
apparent (spectra b and c, respectively). As for the HTP/
CsCOCI coupling reaction, these bands correlate to the
formation of a new ester bond (middle frame of Scheme
1).

In addition to the aforementioned spectral changes,
there is also an increase in the contact angle before (15°)
and after (90 and 95° for vapor- and liquid-phase reactions,
respectively) coupling. These values are slightly lower than
observed for coupling to the aromatic HTP monolayer,
which perhaps signals a slightly less ordered bilayer or
asomewhat less complete reaction on MUD. The thickness
increases after coupling are identical to those measured
for HTP (Table 1).

The nanogravimetric data obtained for the coupling
reaction are shown in part b of Figure 2. The average
frequency change before and after exposure to CsCOCl is
6.5 &+ 0.6 ppm, which corresponds to 61 4= 5 ng/cm? (0.54
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Figure 4. FTIR—ERS spectra of (a) a G4-OH monolayer; (b)
a G4-OH monolayer after exposure to vapor-phase CsCOCI;
and (c) a G4-OH monolayer after exposure to a solution of CH,-
Cl; containing CsCOCI and pyridine.

+ 0.05 nmol/cm?). These values indicate that about 69%
of the surface-confined MUD reacts with CsCOCI, which
is ~1/3 higher than was measured for the HTP-modified
surface. Because the surface concentrations of HTP and
MUD are identical,* we conclude that the terminal
hydroxyl group of MUD is more sterically accessible for
esterification. The hydroxyl group of HTP is most likely
oriented perpendicular to the Au surface,*” while that of
MUD is canted and probably is also more free to move
into a reactive configuration.

Both HTP and MUD form relatively ordered monolayers
on the surface of Au,*?® and we thought it would be
interesting to compare the reactivity of these ordered
systems toone thatis intrinsically disordered. Accordingly,
we examined the reactivity between CsCOCI and a
monolayer prepared from a fourth-generation, PAMAM
dendrimer having 64 terminal hydroxyl groups (G4-OH).
G4-OH compresses to an oblate conformation on Au and
forms stable, densely packed monolayers via polydentate
interactions between interior tertiary amine groups of the
dendrimer and the Au surface.?®

Spectrum a in Figure 4 shows an FTIR—ERS spectrum
of a G4-OH monolayer on a Au substrate. The amide | and
Il peaks at 1660 and 1550 cm™?, which arise from the
dendrimer branches, confirm immobilization.?® Following
derivatization with vapor- and liquid-phase C¢COCI
(spectra b and c of Figure 4, respectively), a small band
corresponding to the new ester bond is apparent at 1740
cm~1. However, in contrast to the data for HTP and MUD,
there is no clearly defined peak around 1250 cm™?!
corresponding to the ester C—0O bond. This suggests that
the postulated orientation-induced enhancement of this
band observed for the two ordered SAMs is absent here,
which is consistent with the disordered nature of the
dendrimer base layer and the roughly spherical symmetry
of the dendrimer. We conclude that ordered base layers
give rise to relatively well-ordered bilayers and that
disordered base layers give rise to disordered bilayers
having multiple orientations (bottom frame of Scheme 1).

As for HTP and MUD, an increase in the contact angle
and film thickness results after the coupling reaction
between CsCOCI and G4-OH (Table 1). Consistent with
the FTIR—ERS data, which suggest that the dendrimer
monolayer is capped with a disordered alkyl-terminated

(25) Karpovich, D. S.; Blanchard, G. J. Langmuir 1997, 13, 4031.

(26) Tokuhisa, H.; Zhao, M.; Baker, L. A;; Phan, V. T.; Dermody, D.
L.; Garcia, M. E.; Peez, R. F.; Crooks, R. M.; Mayer, T. M. J. Am. Chem.
Soc. 1998, 120, 4492.
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bilayer, the magnitude of this contact angle increase is
notas large as that for HTP and MUD. Rather, the contact
angle increases from an initial value of 15 to 75 and 85°
for the vapor- and liquid-phase reactions, respectively. It
is likely that these lower contact angles arise in part from
unreacted hydroxyl groups near the surface of the den-
drimers and in part from the general disorder inherent
to the dendrimer-supported bilayer.

The G4-OH film thicknesses increase by 0.6 and 0.7 nm
for the vapor- and liquid-phase reactions, respectively.
The similarity between these results and those found for
the other two SAMs (Table 1) is likely somewhat fortuitous
given the nonuniform structure of the dendrimer films.
Moreover, the model we used for interpreting the ellip-
sometric data assumes that the film is composed of a
homogeneous slab, which is only a rough approximation
for surface-confined dendrimers.?® Part c of Figure 2 shows
nanogravimetric data corresponding to the G4-OH/Cs-
COCI coupling reaction. The observed average frequency
change is 4.7 + 0.9 ppm, which after accounting for the
roughness factor corresponds to 44 4 8 ng/cm? (0.39 +
0.08 nmol/cm?).

The SAW data provide a reasonable means for estimat-
ing the percentage of reactive hydroxyl groups on the
dendrimer-modified surface. From a previous study we
know the surface coverage of G4-OH is quite high: about
92%.26 Taking into account the size of the oblate, surface-
confined dendrimer (6.3 nm in diameter),?® this corre-
sponds to a surface concentration of 4.8 pmol/cm?, and
because there are 64 terminal groups per G4-OH, the
surface concentration of hydroxyl groups is 0.31 nmol/
cm?. Given the three-dimensional structure of the den-
drimers, it is somewhat surprising that this value is
actually less than the surface concentration of hydroxyl
groups in the strictly two-dimensional MUD and HTP
SAMs (0.78 nmol/cm?).

Certain factors unique to dendrimers make it difficult
to estimate the percentage of terminal groups that react.
For example, if we assume that the entire measured mass
change corresponds to addition of CsCOCI, then, under
the set of assumptions described in the previous para-
graph, 125% of the surface hydroxyl groups react. This is
clearly an unphysical value. One reasonable explanation
for this finding is that some C¢sCOCI irreversibly chemi-
sorbs within the dendrimer interior, but we view this as
unlikely because most unreactive volatile organic com-
pounds sorb reversibly.2’-2° A more likely explanation is
that some HCI generated as a byproduct of the reaction
complexes with interior tertiary amine groups of the
dendrimer. In this case, the effective molecular weight of
the reactant increases from 112 to 149 g/mol, and this
lowers the percentage reactivity of the surface hydroxyl
groups to 95%. Because it is rather unlikely that all HCI
is scavenged and that all hydroxyl groups are exposed to
the reactant (some are likely tucked inside the den-
drimer,® while others are sterically crowded by the Au
surface or nearby dendrimers), we conclude that es-
sentially all of the dendrimer surface groups react. Given
the significantly lower reactivity of the two SAMs, it seems
reasonable to conclude that close-packed, organized
monolayers are less reactive than the disordered den-
drimer terminal groups.
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Summary and Conclusions

In summary, we compared the reactivity of three
hydroxyl-terminated monolayers (HTP, MUD, and G4-
OH) with vapor- and liquid-phase CsCOCI. All three
monolayers react to form ester-coupled bilayers. The
extent of reactivity decreases in the order G4-OH > MUD
> HTP. Although it is somewhat presumptuous to draw
generalizations from such a limited data set, it does seem
that highly ordered monolayers (HTP and MUD) are less
reactive than disordered systems (the dendrimer), and
that monolayers with more flexible reactive groups (MUD)
are more reactive than those held rigidly (HTP). On the
basis of our previous work with silane coupling reactions,*
we also conclude that the intrinsic reactivity of the
reactants (that is, the mechanistic details of how the
reaction occurs) impact the extent of reaction. Finally,
spectroscopic, ellipsometric, and contact-angle measure-
ments suggest that the chemical and physical properties
of the bilayers do not depend very strongly on whether
they are prepared in the vapor or liquid phase. However,
the FTIR—ERS results do suggest that there are subtle

Sabapathy and Crooks

differences in the molecular orientation of the bilayers
depending on how the reactions are carried out.

Our approach for synthesizing organic thin films in the
absence of solvents has been limited thus far to two layers.
We recently extended this to three and more layers, and
the results of those experiments will be reported soon. As
we learn more about the rules governing organic chemistry
atvapor/solid interfaces, we believe this general approach
will find use as a general synthetic method for preparing
functional thin films having technological applications.
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