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ABSTRACT: Thermally stable radical initiator monolayers were
prepared from uniquely designed α,ω-difunctional adsorbates with
bidentate headgroups for the growth of nanoscale polymer films on
metal surfaces. The length of the spacer separating the bidentate
headgroups was varied to afford 4,4′-(diazene-1,2-diyl)bis(N-(16-
(3,5-bis(mercaptomethyl)phenoxy)hexadecyl)-4-cyanopentana-
mide) (B16), 4,4′-(diazene-1,2-diyl)bis(N-(16-(3,5-bis(mercapto-
methyl)phenoxy)decyl)-4-cyanopentanamide) (B10), and 4,4′-
(diazene-1,2-diyl)bis(N-(4-(3,5-bis(mercaptomethyl)phenoxy)-
butyl)-4-cyanopentanamide) (B4). The structural features of the
self-assembled monolayers (SAMs) derived from B16, B10, and B4
were characterized by X-ray photoelectron spectroscopy (XPS),
ellipsometry, and polarization modulation infrared reflection−
absorption spectroscopy (PM-IRRAS) and compared to those derived from an analogous α,ω-difunctional adsorbate with
monodentate headgroups, 4,4′-(diazene-1,2-diyl)bis(4-cyano-N-(16-mercaptohexadecyl)pentanamide (M). These studies
demonstrate that the conformation (i.e., hairpin vs standing up) of the bidentate initiator adsorbates on gold surfaces was
easily controlled by adjusting the concentration of the adsorbates in solution. The results of solution-phase thermal desorption
tests revealed that the radical initiator monolayers generated from B16, B10, and B4 exhibit an enhanced thermal stability when
compared to those generated from M. Furthermore, a study of the growth of polymer films was performed to evaluate the utility
of these new bidentate adsorbate SAMs as film-development platforms for new functional materials and devices. Specifically,
surface-grafted polystyrene films were successfully generated from SAMs derived from B16. In contrast, attempts to grow
polystyrene films from SAMs derived from M under a variety of analogous conditions were unsuccessful.
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■ INTRODUCTION

The evolution of surface-grafted polymer technologies over the
last three decades has allowed the development of nanoscale
sensors,1−4 photovoltaic cells,5,6 antifouling coatings,7−9 and
patterned platforms to fabricate a host of new nano- and
microsized devices.10−16 Thin polymer films prepared by
surface-initiated polymerization offer several advantages.17,18

First, such polymeric thin films can be generated on curved
surfaces, such as the surfaces of nanoparticles, as well as on flat
surfaces. Second, the thickness of the films can be controlled on
the scale of angstroms. Third, the stability of polymer coatings
grafted on surfaces via chemical bonds is greater than that of
polymer coatings attached via physical adsorption. Finally,
surface grafting allows facile control over the surface
concentration of polymer initiators and thus precise control
over the density of the resultant polymer chains.
Surface-immobilized initiators allow the growth of polymer

chains directly from surfaces. The types of headgroups used to

bind initiator moieties to surfaces depend on the nature of the
bonding sites and/or the functional groups on the surface.
Initiator adsorbates having trialkoxysilane headgroups are used
to form monolayers on metal oxide surfaces, such as silicon
oxide and indium tin oxide (ITO), via strong Si−O
linkages.2,5,7,8,10 In contrast, initiator adsorbates having thiol
or disulfide headgroups are used to generate monolayers on
gold surfaces,3,4,9,12−16,19−27 leading to advanced applications in
fields ranging from molecular electronics to biosensing.28−30

Notably, however, Au−S bonds are more labile than Si−O
bonds at elevated temperatures and at high concentrations of
radical species, which limits the use of organosulfur adsorbates
as platforms for the growth of polymer films. Several research
groups have reported strategies for enhancing the stability of
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organosulfur adsorbates on gold surfaces during thermal radical
polymerizations. Shah and co-workers used radical initiator
monolayers generated from (BrC(CH3)2COO(CH2)10S)2 at 60
°C for surface-initiated polymerization.12 The stability of these
initiator monolayers was sufficient to grow patterned polymer
brushes on gold substrates. Additionally, cross-linked poly-
(siloxane) layers have been used to provide thermal and
chemical stability to thiol-based initiator monolayers.23−25

Huang and co-workers prepared thermally stable radical
initiator monolayers by incorporating such cross-linked poly-
(siloxane) layers between thiolates, exposing termini that
consisted of azobis(isobutyronitrile) (AIBN) moieties.23 For
this system, cross-linked thiol initiator layers on gold surfaces
showed the same thermal stability as silane initiator layers on
silicon oxide surfaces for the growth of polystyrene films. While
the aforementioned two methods provided stable initiator
monolayers for the growth of polymer films, these procedures
required multiple surface adsorption/modification steps rather
than a single surface adsorption step that is characteristic of the
formation of self-assembled monolayers (SAMs).
AIBN-containing monolayers are ubiquitous in surface-

initiated polymerizations.7,14,15,23,26,27,31,32 For a typical AIBN-
initiator monolayer, one end of the AIBN moiety is bound to a
surface-attached adsorbate, while the other end is aligned
toward the solution. When activated under heat or light, AIBN
generates two radicals that can instigate polymerization. One of
these radicals is tethered from the surface and participates in
surface-initiated polymerization; however, the other radical
fragment is unbound and generates free polymers in solution.
These unbound polymers frequently adhere to the bound
polymer film and can typically be removed by washing with an
appropriate solvent, but polymer shells mixed with silica− or
metal−polymer core−shell nanoparticles cannot be separated
easily. To solve this problem, Czaun and co-workers used α,ω-
difunctional silane adsorbates having an AIBN moiety between
the silane headgroups to form a hairpin conformation for the
initiator adsorbate on silicon oxide surfaces.32 In this system,
the polymer chains grew only from the surfaces since all chain-
forming radicals were tethered. Similarly, α,ω-dithiol adsorbates
having an AIBN moiety were examined by Dyer’s group for
grafting polymers on gold surfaces.14,15 However, these studies
never sought to prepare radical initiator monolayers composed
of surface-bound adsorbates in the hairpin conformation.
With the aforementioned results in mind, we designed and

synthesized a new class of radical initiator adsorbate for
fabricating surface-grafted polymer thin films on metal surfaces.

Our adsorbate design features two unique structural character-
istics: (1) a dithiol headgroup to enhance thermal and radical
stability,33,34 and (2) an α,ω-difunctional architecture to
immobilize all of the initial AIBN radical polymerization
sites.32 Prior work by our group34 has demonstrated the value
of chelating headgroups for entropically favored surface
bonding; however, our new difunctional adsorbates add a
second dimension to the “chelate effect” by enabling similar
proximity dynamics to generate surface attachments from the
unbound ends of these chains, in competition with adsorbates
in solution. The new adsorbates are 4,4′-(diazene-1,2-diyl)bis-
(N-(16-(3,5-bis(mercaptomethyl)phenoxy)hexadecyl)-4-cyano-
pentanamide) (B16), 4,4′-(diazene-1,2-diyl)bis(N-(16-(3,5-bis-
(mercaptomethyl)phenoxy)decyl)-4-cyanopentanamide)
(B10), and 4,4′-(diazene-1,2-diyl)bis(N-(4-(3,5-bis-
(mercaptomethyl)phenoxy)butyl)-4-cyanopentanamide) (B4),
shown in Figure 1. Herein, we examine the structural features
and thermal stability of the initiator-tethered SAMs generated
from the bisbidentate adsorbates B16, B10, and B4, comparing
their properties to those generated from an analogous α,ω-
difunctional adsorbate with monodentate headgroups: 4,4′-
(diazene-1,2-diyl)bis(4-cyano-N-(16-mercaptohexadecyl)-
pentanamide (M). Specifically, we generated initiator mono-
layers from three different concentrations (0.01, 0.1, and 1
mM) of each adsorbate solution to examine the effect of
concentration on the conformation (hairpin vs standing up) of
the adsorbates within the monolayers formed on gold surfaces.
Furthermore, we describe the results of a comparative study
between B16 and M monolayers for generating surface-grafted
polystyrene on gold.

■ EXPERIMENTAL SECTION
Complete details regarding the materials, procedures, and instrumen-
tation used to conduct the research reported here are provided in the
Supporting Information.

■ RESULTS AND DISCUSSION
I. Impact of Concentration of Adsorbate Solutions on

Radical Initiator Surface Bonding. Evaporated gold slides
were immersed in THF solutions (0.01, 0.1, and 1 mM) of M,
B16, B10, and B4 for 48 h at room temperature (rt). The
resultant SAMs were characterized by XPS, ellipsometry, and
PM-IRRAS.

XPS Analysis of Radical Initiator Monolayers on Flat Gold
Surfaces. A well-known approach to determining the relative
degree of bonding of the sulfur moieties to gold in

Figure 1. Structures of the radical initiator adsorbates examined in this report.
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thioadsorbate films is through the analysis of the peaks in the S
2p region of the X-ray photoelectron spectra.35 Peaks at 162.0
and 163.2 eV with a 2:1 integrated peak area ratio are
associated with S 2p3/2 and S 2p1/2 for bound thiolate on gold,
respectively, while the S 2p3/2 peak for unbound thiol or
disulfide appears at ∼163.5−164 eV, with the S 2p1/2 peak ∼1.2
eV higher in energy. On the basis of these values, we used the
spectra in Figure 2 to determine the degree to which the
adsorbates were bound to gold. The XPS S 2p spectra for the
radical initiator monolayers generated from the bidentate
adsorbates (B16, B10, and B4) show similar trends in relative
peak intensities (∼162 eV versus ∼164 eV) for the various
concentrations of adsorbate deposition solution (Figure 2, plots
b−d). At low concentration (0.01 mM), the intensities of the
peaks at ∼162 eV are greater than those at ∼164 eV, which
correlates with the high levels of bound thiolate for the
associated SAMs revealed in Table S2 in the Supporting
Information; however, at high concentration (1 mM), the
intensities of the peaks at ∼162 eV are less than those at ∼164
eV, which indicates a significant reduction in bound thiolate for
these SAMs as compared to those formed from the low
concentration deposition solutions. The results for all SAMs
formed at intermediate concentration (0.1 mM) fall in-between
the two concentration extremes for each type of bidentate
SAM. These data indicate that most of the sulfur moieties in

the bidentate initiator monolayers formed at low concentration
(0.01 mM) were bound to gold, but a large number of sulfur
species present in the radical initiator monolayers formed at
high concentration (1 mM) were unbound. A quantitative
analysis of these data is discussed in the following paragraph. In
contrast, we observed no strong influence of concentration on
changes in the XPS S 2p spectra for the “monodentate” initiator
monolayers (see Figure 2a), with adsorbate M giving rise to
initiator monolayers with mostly bound thiol headgroups
regardless of concentration. Additionally, we observed no peaks
associated with oxidized sulfur species (>166 eV) in the S 2p
region of the X-ray photoelectron spectra for the initiator
monolayers generated from both M and the bidentate
adsorbates (B16, B10, and B4).14,36

For quantitative analysis of the polymer initiator monolayers
formed on gold surfaces, the percentages of bound thiolate
were evaluated by deconvolution of the peaks in the S 2p
region of the X-ray photoelectron spectra (see Figure S8 and
Table S2 in the Supporting Information). Additionally, the
relative adsorbate densities were determined using sulfur-to-
gold (S/Au) ratios derived from the integrated peak areas for
the S 2p and Au 4f binding energies (see Table S3 in the
Supporting Information).37,38 These results provide useful
insight into the conformation of the adsorbates in the radical
initiator monolayers depending on the concentration of the

Figure 2. XPS S 2p spectra of the films generated at 0.01, 0.1, and 1 mM from (a) M, (b) B16, (c) B10, and (d) B4 in THF. Dashed lines provide a
means of identifying peaks associated with bound thiolate (∼162 eV) and unbound thiol or disulfides (∼164 eV).

Figure 3. (a) Percentages of bound thiolate, (b) relative adsorbate density profiles, and (c) film thickness profiles of the indicated radical initiator
monolayers as a function of deposition solution concentration. The percentages of bound thiolate were obtained by deconvolution of the XPS S 2p
spectra. The adsorbate density percentages were determined in comparison to the ratio of S/Au for the monolayer formed from C18SH (0.0106),
assuming the adsorbate density of the C18SH film to be 100%. In a comparison with C18SH, the S/Au ratio for M was divided by a factor of 2,
while those of B16, B10, and B4 were divided by a factor of 4. The reproducibilities of the percentages of bound thiolate, relative adsorbate density,
and ellipsometric thickness were within ±2%, ±2%, and ±2 Å, respectively.
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initial adsorbate deposition solution. Figure 3a shows the
changes in the percentages of bound thiolate as a function of
concentration. For the initiator monolayer generated from M,
there was only a 4% reduction in the amount of bound thiolate
as the concentration of M in the deposition solution was
increased from 0.01 to 1 mM. In contrast, a large decrease in
the percentage of bound thiolate is apparent in the plots for the
bidentate radical monolayers (B16, B10, and B4) upon
increasing the concentration of the adsorbates in solution.
Interestingly, differences in the percentages of bound thiolate
between the films formed from the two concentration extremes
(0.01 and 1 mM) depend strongly on the number of methylene
units in the bidentate adsorbates; decrements in the
percentages of bound thiolate for B16, B10, and B4 were
45%, 27%, and 19%, respectively. Collectively, these results
indicate that the percentages of bound thiolate were strongly
influenced by the molecular length of the adsorbates as well as
the type of headgroup (monodentate vs bidentate). Contrary to
the trends associated with the percentage of bound thiolate, the
relative densities of the adsorbates on the gold surfaces
increased when the concentration of the adsorbate in solution
increased (Figure 3b). Notably, the relative adsorbate density of
the film formed from B16 at 1 mM concentration was twice
that at 0.01 mM. Furthermore, the relative adsorbate density of
B16 at 0.01 mM corresponds well with a theoretical relative
density for the bidentate initiator adsorbates (i.e., 25%),
assuming a model in which our α,ω-difunctional adsorbates
with bidentate headgroups bind to gold with all four sulfur
atoms relative to a conventional monodentate C18SH SAM at
100% adsorbate density. The differing trends in the data in
Figure 3b for the monodentate adsorbate M compared to the
bidentate adsorbates B16, B10, and B4 are discussed in a later
section.
Ellipsometric Thicknesses of Radical Initiator Monolayers.

The ellipsometric thicknesses of the films formed from the
bidentate adsorbates (B16, B10, and B4) increased linearly
with an increase in the concentration of the adsorbate
deposition solutions (see Figure 3c). However, the thicknesses

of M showed a slightly different behavior, increasing by 6 Å
when the concentration increased from 0.01 to 0.1 mM, but
failing to show a significant change when the concentration was
increased from 0.1 to 1 mM. This trend is similar to that found
with the relative adsorbate densities (Figure 3b). Thin radical
initiator films generated from the bidentate adsorbates (B16,
B10, and B4) at low concentration (0.01 mM) exhibited low
adsorbate densities, while thick films generated at high
concentration (1 mM) had high adsorbate densities. These
phenomena associated with the different types of radical
initiator adsorbate are discussed in detail in a subsequent
section.

PM-IRRAS Analysis of Radical Initiator Monolayers. An
estimation of the conformational order (or “crystallinity”) of
the aliphatic chains in a SAM can be obtained from the band
position of the antisymmetric methylene C−H stretching

vibration (νa
CH2

) measured using polarization modulation
infrared reflection−absorption spectroscopy (PM-IRRAS).39

Figure 4 provides the PM-IRRAS spectra for the four series of
monolayer films, with three of the films yielding interpretable
results regarding the relative conformational order of the radical

initiator monolayers. The band positions for νa
CH2

for the films
generated from the monodentate adsorbate (M) all appear at
2919 cm−1, but the films generated from the two bidentate
adsorbates (B16 and B10) with the longer methylene chains
appear at 2925−2926 cm−1. These results indicate that the
methylene units in the monolayers derived from M were more
ordered than those in the monolayers derived from B16 and
B10. Interestingly, the PM-IRRAS data for the initiator
monolayers generated from each adsorbate appear to be
unaffected by the concentration of the adsorbate deposition
solutions used in this study. These results can be rationalized as
follows: when the α,ω-difunctional adsorbates form monolayers
at low concentration (0.01 mM), they utilize both dithiol
headgroups, producing optimal packing arrangements for their
alkyl spacers, albeit at low adsorbate surface coverage. However,
at higher adsorbate surface coverage (0.1 mM), the more highly

Figure 4. PM-IRRAS spectra of the C−H stretching region for the films generated at 0.01, 0.1, and 1 mM from (a)M, (b) B16, (c) B10, and (d) B4
in THF.
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packed adsorbates likely form domains where the erect, but
unbound, segment again produces optimal packing for the
upper alkyl spacers. Also, at the highest concentration (1 mM),
both the upper and the lower alkyl spacers are left with no
option but to pack as efficiently as possible in an erect
orientation. On the basis of this model, it is plausible that there
is no discernible difference in the relative conformational order
of the films generated at the different concentrations.
Furthermore, any differences in the νa

CH2 band positions for
the SAMs derived from the monodentate (M) versus the
bidentate (B16 and B10) adsorbates likely arise from the
differences in their headgroups.37 In addition, the bands for the

antisymmetric methylene C−H stretching vibration (νa
CH2

) of
the monolayers formed from B4 show significantly lower
intensities (Figure 4d) due to the limited number of methylene
units in the B4 adsorbate.
Overall, on the basis of the results obtained from XPS,

ellipsometry, and PM-IRRAS, we can summarize several
noteworthy trends for the radical initiator monolayers
generated from the monodentate (M) and bidentate (B16,
B10, and B4) adsorbates. First, the structural parameters (film
thickness, adsorbate density on the gold surface, and bound vs
unbound sulfur) were influenced by the concentration of the
adsorbate solutions. Second, the impact of concentration on the
bidentate monolayers was markedly greater than that for the
monodentate monolayers. Third, the effect of concentration on
monolayer development increased with the chain length of the
bidentate adsorbates (B16 > B10 > B4). Importantly, these
three trends can be rationalized by entropic effects during the
process of self-assembly for the monolayers, where low
adsorbate concentrations afford low initial adsorbate densities
that entropically favor multidentate binding (i.e., hairpin rather
than standing-up structures). This phenomenon can be further
illustrated by considering a simpler chelating ligand such as
ethylenediamine; Cotton and Harris concluded that the
superior stability of diamine-based chelate complexes could
be attributed largely to entropy and suggested that a
component of the stabilization arising from diamine ligands
of different chain lengths was associated with the time to
achieve ring closure.40,41 Therefore, any delay in the bonding of
an unbound end of a chelating compound owing to an increase
in distance (i.e., chain length) reduces the likelihood of the
formation of the chelate structure. Fourth, all of the bidentate

adsorbates formed monolayers with high percentages of bound
thiolate (≥94%), low adsorbate density (16−26%), and low
film thickness at the lower deposition solution concentration
(0.01 mM). In contrast, the bidentate adsorbates formed
monolayers with low percentages of bound thiolate (≤75%),
high adsorbate density (26−49%), and thicker films at the
higher deposition solution concentration (1 mM). Using these
experimental results and previous results reported by Kim and
Gorman,42 we drew models to depict the various conformations
of the adsorbate chains for the B16 monolayers generated at
different concentrations (see Figure 5). At low concentration
(0.01 mM), the adsorbates adopt a hairpin conformation to
bind on gold with all four sulfur atoms. At high concentration
(1 mM), however, the adsorbates adopt a standing-up
conformation. Meanwhile, the hairpin and standing-up
conformations coexist for the intermediate concentration (0.1
mM).
Interestingly, the monodentate adsorbate M exhibited a

different behavior as a function of deposition solution
concentration (see Figure 3a−c). Adsorbate M formed
monolayers with similar percentages of bound thiolate (90%,
90%, and 86%) at the three different concentrations examined
(0.01, 0.1, and 1 mM, respectively). Further, the relative
adsorbate density and the film thickness for the M monolayer
were saturated at 0.1 mM concentration, and the relative
adsorbate densities of M at 0.1 and 1 mM are the same within
experimental error (53% and 52%, respectively) and remarkably
close to the maximum theoretical relative density for the α,ω-
difunctional monodentate-thiol initiator adsorbates (i.e., 50%).
We interpret these results to indicate that the monodentate
adsorbate M adopts only a hairpin conformation to bind to
gold at the concentrations employed in this investigation. The
differing trends in behavior can be rationalized on the basis of
the differing character of the monodentate versus bidentate
headgroups. Upon making contact with the gold surface, the
bidentate adsorbates bind strongly with little or no reversible
desorption and lateral diffusion on the surface. Therefore, the
surface conformation of the bidentate adsorbates depends
largely on the concentration of the deposition solution (i.e., low
concentrations give hairpins while high concentrations give
standing-up conformations). In contrast, the monodentate
adsorbate can readily undergo desorption and exchange with
adsorbates in solution as well as diffuse laterally on the surface
with relative ease.43,44 Therefore, the initial concertation of M

Figure 5. Schematic representation of the conformation of the B16 adsorbates within monolayers generated from three different concentrations
(0.01, 0.1, and 1 mM) of B16 solution. (Note: these illustrations are provided to convey the general concepts for the organization of the monolayer
films. Structural details such as the alkyl chain alignments have been drawn in their simplest form and do not reflect the conformational ordering
indicated by the PM-IRRAS data.)
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in the deposition solution can plausibly have comparably less of
an impact on the conformation of M on the surface of gold.
To provide support for our model of bidentates, we

conducted immobilization experiments using gold nano-
particles (AuNPs) on radical initiator monolayer surfaces
generated from B16 at two different concentrations (0.01 and 1
mM). After immersing the monolayer film-coated slides in
aqueous solutions of citrate-stabilized AuNPs (size = ∼30 nm)
for 12 h, the resulting surfaces were analyzed by scanning
electron microscopy (SEM). Regularly dispersed AuNPs were
found on the B16 monolayer developed at the higher
concentration (1 mM) (Figure 6a). However, the surface of
the B16 monolayer that developed at the lower concentration
(0.01 mM) was devoid of AuNPs after washing with deionized
water (Figure 6b). These results can be interpreted to indicate
that the AuNPs attach to the B16 monolayers developed at 1
mM concentration due to the presence of unbound free thiols
on these surfaces; in contrast, no AuNPs attach to the B16
monolayers developed at 0.01 mM concentration due to the
absence of unbound free thiols on these surfaces.
II. Thermal Stability of Radical Initiator Monolayers

on Gold Surfaces. To evaluate the relative stability of the
monolayers formed from M, B16, B10, and B4 during

thermally activated radical polymerization at elevated temper-
atures, we performed solution-phase thermal desorption tests as
described in a previous report.37,45 The radical initiator
monolayers developed at low concentration (0.01 mM) were
used for conducting these tests. In an initial set of experiments,
we used ellipsometric thickness measurements to determine the
average amount of adsorbate remaining after prolonged heating
at 90 and 110 °C in a large excess of the nonpolar solvent
decalin (decahydronapthalene). Figure 7 demonstrates the
remarkable difference in thermal stability between the bidentate
films (B16, B10, and B4) and the monodentate film (M). At
the initial elevated temperature setting (90 °C, Figure 7a),
while more than 80% of the bidentate adsorbates (B16, B10,
and B4) remained on the surface after 90 min, less than 30% of
the monodentate adsorbates (M) in the monolayers remained
under the same conditions. At a higher temperature setting
(110 °C, Figure 7b), while more than 60% of the bidentate
adsorbates (B16, B10, and B4) remained on the surface after
90 min, most of the monodentate adsorbate (M) in the
monolayers desorbed from the gold surfaces after 15 min.
Interestingly, the thermal stability of the three bidentate
adsorbates (B16, B10, and B4) appeared to be similar. These
results can be interpreted to indicate that the initiator films

Figure 6. Illustrations and scanning electron microscopy (SEM) images of the gold nanoparticle (AuNP) interactions with the radical initiator
monolayers generated from B16 at (a) 1 mM and (b) 0.01 mM adsorbate concentrations. The scale bar on the images is 1 μm in length.
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derived from B16, B10, and B4 are markedly more stable than
that derived from M. Furthermore, the chelate effect associated
with the bidentate headgroup plays a more important role than
the van der Waals forces associated with the interaction
between the adsorbate chains for enhancing thermal stability in
these radical initiator monolayer systems.33,34,37,45

III. Growth of Polymer Films from Radical Initiator
Monolayers on Gold Surfaces. To evaluate the potential of
the new radical initiator monolayers as platforms for surface-
initiated polymerization, we performed a comparison study
between the monolayers formed from the M and B16
adsorbates by examining the thermal polymerization of
polystyrene in toluene at 90 °C. We monitored the
ellipsometric thicknesses of the developing polystyrene films
formed on gold substrates as well as the peaks in the PM-
IRRAS spectra associated with the CC double bond
stretching vibrations (1450, 1500, and 1600 cm−1) for the
aromatic moieties of polystyrene as a function of time.31 As
shown in Figure 8a, the thickness of the polystyrene films
grown from the B16 initiator monolayers increased linearly
during the radical polymerization, but the thickness of the films
grown from the M initiator monolayers was nearly constant
over the course of 12 h. Interestingly, the thickness of the
polystyrene films grown from the B16 initiator monolayers
(∼40 nm) was the same as that of the polystyrene films grown
from the cross-linked radical initiator monolayers reported by
Huang and co-workers.23 Furthermore, no saturation (i.e.,
thickness maximum) is observed in the thickness profiles for
the polystyrene films grown from the B16 initiator monolayers.
The absence of saturation is consistent with a model in which
the initiator radicals on the surfaces are still active throughout
the 12 h experimental window.23,31 Notably, the PM-IRRAS
spectra in Figure 8 provide further evidence of the substantial

difference in the effectiveness of the bidentate (B16) and
monodentate (M) radical initiator films. The increase in
intensity of the CC double bond stretching vibrations at
1450, 1500, and 1600 indicate that polystyrene films were
successfully generated from the B16 initiator films (see Figure
8b). In contrast, no significant changes in intensity were
observed for these vibrations in the PM-IRRAS spectra of the
films generated from the M initiator (see Figure 8c). As a
whole, these data provide further support for the efficacy of
multidentate adsorbates for SAM generation33,34,37,45 and
illustrate a new, simple, and highly effective strategy for
growing polymeric films on gold surfaces.

■ CONCLUSIONS
Custom-designed radical initiator adsorbates were synthesized
to produce surface-bound polymer films on gold surfaces
without the concomitant production of unbound polymeric
material. Our new α,ω-difunctional thiol initiators (B16, B10,

Figure 7. Solution-phase thermal desorption profiles of the indicated
radical initiator monolayers in decalin as a function of time at (a) 90
°C and (b) 110 °C.

Figure 8. (a) Film thickness profiles of the polystyrene films generated
from the indicated radical initiator monolayers on gold substrates as a
function of time. PM-IRRAS spectra of the CC double bond
stretching region for the polystyrene films generated from (b) the B16
monolayers and (c) the M monolayers on gold substrates as a function
of time. Error bars indicate the standard deviation for the data.
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B4) possess bidentate character at both ends of their structures
that circumvents problems associated with monodentate thiol
initiators, such as thermal- and radical-induced desorption
during the polymerization process.23 The conformation
adopted during surface bonding of these α,ω-difunctional
thiol initiators depends on the concentration of the adsorbate
in the deposition solution. At low concentration (0.01 mM),
adsorbates B16, B10, and B4 formed hairpin conformations on
evaporated gold surfaces, yielding films with ≥94% of the sulfur
atoms bound to gold. At high concentration (1 mM), however,
these adsorbates formed standing-up conformations. Further-
more, the bidentate radical initiator adsorbates B16, B10, and
B4 showed enhanced thermal stability during the solution-
phase thermal desorption tests when compared to the
monodentate analogue M. As a consequence of the enhanced
stability, polystyrene thin films were successfully grown on gold
surfaces using the bidentate initiator monolayers. As such, these
new bidentate radical initiator adsorbates offer a reliable
strategy for growing polymers on flat and nanostructured
surfaces, leading to new opportunities for polymer thin films as
nanoscale coatings.
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