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ABSTRACT: The surface-induced polymerization of a chromo-
phore-functionalized monomer was probed in situ for the first time
using a nonlinear optical technique, second-harmonic generation.
During the first hours of the polymerization reaction, dramatic
changes in the tilt angle of the chromophore-functionalized side
groups were observed. Following evaluation of the nonlinear optical
data with those obtained from atomic force microscopy and
ultraviolet−visible, we conclude that second-harmonic generation
efficiently probes the polymerization reaction and the conforma-
tional changes of the surface-grafted polymer. With polymerization
time, the conformation of the surface-tethered polymer changes
from a conformation with the polymer backbone and its side groups
flat on the surface, i.e., a “pancake” conformation, to a conformation
where the polymer backbone is stretched away combined with tilted
side groups or an enlarged tilt angle distribution, i.e., a “brush-type” conformation.

■ INTRODUCTION

Surface-initiated activators regenerated by electron transfer
atom transfer radical polymerization (SI-ARGET ATRP)1 is
based on one of the most versatile and, consequently, intensely
used radical polymerization techniques.1−4 The technique
combines ATRP with an excess of reducing agent, to provide
a method for grafting polymers from substrates with a reduced
oxygen sensitivity.1,5 However, characterization of the surface-
grafted polymers on low specific area substrates is challenging.
The small amount of resulting polymeric material, covalently
attached to the surface, rules out commonly used character-
ization techniques, such as methods based on size-exclusion
chromatography.6−8 Instead, techniques such as atomic force
microscopy (AFM), ellipsometry, X-ray photoelectron spec-
troscopy (XPS), and near edge X-ray absorption fine structure
(NEXAFS) are often used.7,9 These techniques have been used
with wetted or dried samples, generally ex situ with respect to
the polymerization reaction. Apart from AFM, they do not offer
direct information on the polymer conformation, and in
addition, as a result of the nature of the characterization
technique itself or the strong impact of the post-synthetic
treatment of the surface-tethered polymers, an altered polymer
layer thickness is obtained.10,11 In view of that, we have
employed a second-order nonlinear optical (NLO) technique,
second-harmonic generation (SHG), to study the polymer

growth and conformation changes during the different stages of
the SI-ARGET ATRP reaction, in situ and ex situ with respect
to the polymerization reaction. SHG is inherently surface-
specific and can be used to determine the possible distribution
widths of an average molecular tilt angle.12−14 Moreover, SHG
can be used to follow dynamical processes at interfaces in
situ.15,16 As a result of these strengths, a few reports already
exist on the use of second-order NLO methods to characterize
SI-ATRP-grafted polymers,17−19 although in all of these works,
the polymers were grown ex situ.17−21 The first NLO
measurement on a polymer brush synthesized by ATRP was
SHG from a chromophore-functionalized polymer grafted from
a macroinitiator.19 The resulting polymer had to be poled with
an electrical field to induce a second-harmonic signal. Second-
harmonic light scattering (SHS) has also been used to study the
dynamics of the hydrodynamic thickness of polymer brushes
grafted from suspended nanoparticles and the dependence
upon the ionic strength of the solution.18 Sum frequency
generation (SFG) has been used to study the dependence of
the thickness of a polymer brush upon the solvent pH and
concentration and nature of dissolved ions.17
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In this work, we present the first in situ second-order NLO
study of the growth of a grafted polymer brush. This allowed us
to probe the conformation during polymerization: with
increasing synthesis time, the polymer side chains become
more perpendicularly oriented with respect to the substrate. We
confirmed the same trend for the ex situ grafted polymer. After
comparison to data from ultraviolet−visible (UV−vis) and
AFM, we conclude that SHG efficiently probes both the
thickness increase and conformation change at the same time.

■ EXPERIMENTAL SECTION
Two samples consisting of a SI-ARGET ATRP-grafted poly((E)-6-
(ethyl(4-((4-notrophenyl)diazenyl))phenyl)amino)hexyl methacry-
late) were used. Both samples were synthesized using the same
synthetic procedure, as schematically depicted in Scheme 1.

In the remainder of the text, poly(DR1-hexyl methacrylate) will be
used to refer to the synthesized polymer. The ex situ sample was
synthesized prior to the SHG measurement in a separate vial, while the
in situ sample was grafted in situ during SHG measurements. The SHG
measurements were performed using an 800 nm wavelength,
femtosecond (fs)-pulsed laser setup, with the laser beam used in
reflection geometry at an angle of 45° (θ) with respect to the sample
normal (see Figure 1). This angle should not be confused with the

average molecular tilt angle φ of an adsorbed molecule (orange ellipse
in Figure 1) to the surface normal. The measurement setup comprises
a collection of lenses, filters, polarizing and analyzing optics, positioned
before and after the sample, to enable the measurement of P-polarized
SHG light using incident laser light with a variable polarization
direction. The two ultimate polarization directions of the incident laser
light (with optical frequency ω), P and S polarization, are
schematically shown in the middle image of Figure 1. During the
SHG measurements, both samples are in contact with a liquid. The
liquid consisted of a mixture of methanol/water/methyl ethyl ketone
in the case of the ex situ sample (left image in Figure 1) and the
polymerization solution in the case of the in situ sample (right image in
Figure 1). Because the polymerization mixture contained the strongly
absorbing monomers as well as highly colored metal complexes,22−24

the SHG light (2ω) is prevented to propagate through the absorbing
liquid by measuring from the opposite side of the surface (see Figure
1). In other words, with the in situ sample, the measurement is
performed through the substrate, while the ex situ measurements are
performed through the liquid. To limit side effects by laser-induced
heating of the polymerization solution while maximizing the amount of
experimental data, the SHG measurements on the in situ sample are
divided between three positions on the substrate (see the Supporting
Information). Although interactions of the charged complexes as used
in the polymerization protocol on the surface NLO effect have been
reported in recent literature, they were neglected in this study because
we used a NLO-optimized chromophore.25−27

Details of the general synthesis procedure and further experimental
details of the additional optical and thickness measurements can be
found in the Supporting Information.

■ RESULTS AND DISCUSSION
The synthesized polymer consists solely of chromophore-
modified methacrylate monomers. The chromophores are
located in the side groups of the monomer and are linked to
the polymeric backbone by a hexyl linker group. Both samples
consist of these polymers that are grafted from initiator-coated
glass substrates. The SHG signal intensity is caused by the
chromophore side groups and is proportional to the square of
the total NLO susceptibility.28−30 As seen in eq 1, in the case of
adsorbates, the latter equals the sum of three contributions, one
from the substrate, one from the chromophores, and one from
the interaction between both28

χ χ χ χ= + +t t( ( ) ( ))(2)
substrate
(2)

interaction
(2)

polymer
(2)

(1)

with the latter contributions being time-dependent. More
specifically, χpolymer

(2) is dependent upon the length and
conformation of the grafted polymer chains. No SHG signal
was observed from the bare and initiator-modified surface.
Hence, contributions from the substrate and the interaction of
the substrate with the chromophores to the NLO signal can be
neglected. The NLO signal is dominated by the chromophores
on the side chains. Both series of samples are treated as in-plane
isotropic collections of chromophores, because the chromo-
phore side groups have no preferential orientation, apart from
the orientation arising from their linkage to the polymer
backbone.31−34 In the case of our polymer system, the NLO
behavior is controlled by a single tensor component βzzz,
aligned with the conjugation path along the long axis of the
chromophoric group of the monomer.34,35 To obtain
information about the conformation of the chromophoric
side groups, polarization-dependent SHG data were taken by
rotating the polarization direction of the incident laser light,
while the P-polarized SHG light was detected. The polarization
direction of the laser light was altered using a half-wave plate
(HWP, Thorlabs WPH05M-808). The resulting SHG data

Scheme 1. Scheme of the Synthetic Procedure of the SI-
ARGET ATRP-Grafted Polymers

Figure 1. (Middle) Experimental configuration of the measurement
setup and the coordinate system used to define the NLO tensor
components, (left) configuration of the SHG measurements of the ex
situ sample, which is in contact with a clear solvent mixture, and
(right) configuration of the SHG measurements of the in situ sample,
which is in contact with the strongly light-absorbing polymerization
solution. The orange line is used to denote the polymer layer, while
“substr.” is used to denote the substrate.
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were corrected for fluctuations in laser stability36 (see the
Supporting Information). The polarization-dependent SHG
data obtained from the in situ and ex situ grafted sample at
various polymerization times are plotted as a function of the
polarization angle of the incident laser light in Figure 2. Data
points at even multiples of 45° represent the SHG signal from
P-polarized incident light, while data points at uneven multiples
of 45° represent the SHG signal from S-polarized incident light.
In Figure 2, Pin and Sin is used to denote the polarization
direction of the incident light. The error bars that represent the
measurement error of the data point (as is the case with most
samples) are drawn in the same color as the data point, while
the error bars that represent the measurement error of different
measurements, with the sample rotated 180° with respect to the
surface normal (as is the case with the 4 and 7 h ex situ
samples), are drawn in a darker color (see the Supporting
Information). In case of the in situ sample, data from only one
of the three probed positions is shown in Figure 2 (the rest can
be found in the Supporting Information). For both the in situ
and ex situ grown samples, the largest SHG intensity is found

for incident light polarized in the S direction (see Figure 1),
while a smaller maximum emerged in the case of P-polarized
laser light. In addition to the global signal intensity increase
with polymerization time, which confirms that the NLO signal
is arising from the monomers added to the grafted polymer
chain, the background NLO signal also rises. We were able to
fit the data using a C∞v model (neglecting any contributions
from scattering that would be largely polarization-independ-
ent); hence, we conclude that any contributions to the NLO
signal resulting from scattering are insignificant. An exception
to the systematic signal intensity increase occurs for the ex situ
sample, between 7 and 8 h of polymerization time. The
exception can be caused by different processes. First a
divergence of the rate of the polymerization reaction can
occur at high polymerization times; i.e., the controlled nature is
lost. This is commonly present in the final stages of a SI-ATRP
reaction and results in an increased conformational freedom (or
decreased anisotropy) of the resulting polymer.37 A second
explanation, which is in agreement with our UV−vis spectra
(see Figure 4), is that the sample taken at 8 h contains less

Figure 2. Polarized SHG data of the (left) ex situ grafted sample and (right) in situ grafted sample. The P-polarized light, the light polarized parallel
with the plane of incidence, is situated at HWP angles at even multiples of 45°, while the S-polarized light, which is polarized perpendicularly to the
plane of incidence, is situated at uneven multiples of 45°. Sin and Pin denote the polarization direction of the incident laser light.

Figure 3. (a, Left) Cartoon illustrating the possible apparent tilt angles of the chromophoric side groups of the polymer in the initial (represented by
the initial distribution of the in situ grafted sample, black) and final (represented by the distribution of the ex situ grafted sample, red) stages of the
polymerization, determined by polarization-dependent SHG. (b, Right) Possible combinations of root-mean-square distribution widths σ and
average tilt angles for selected SHG measurements.
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polymer and, therefore, shows less NLO signal. In addition, in
comparison to the initial stages of the polymerization, the SHG
signal shows a faster signal increase from 4 to 7 h of
polymerization time. Moreover, a second trend manifests itself
in the data, namely, the ratio of the NLO signal from the two
incident polarization combinations changes dramatically with
polymerization time.
To quantify the changes in the polymer conformation, we

deduced the average tilt angle (φ) and distribution width (σ) of
the chromophoric side groups from the ratio of the two tensor
components that contribute to the SHG signal, χzzz

(2) and χzxx
(2)

(the indices refer to the laboratory xyz axis system, as defined in
the middle panel of Figure 1).12,13,15,38 The values of χzzz

(2) and
χzxx
(2) were obtained from our polarized SHG data using a fitting
procedure, and suiting tilt angle−distribution combinations
were obtained by a numerical method that was previously
described by Simpson et al.15,30 The resulting average tilt angle
intervals, for the initial and final stages of the polymerization,
are depicted in Figure 3a, while the relation between the
average tilt angle (φ) and the root-mean-square distribution
width σ is plotted in Figure 3b. To maintain a clear and
interpretable figure, only a selection of the data is plotted. For
the in situ grafted sample, data were collected for three
positions on the surface, of which the data of only one position
is shown in Figure 3b. The data of the remaining two positions
can be found in the Supporting Information. The tilt angles
(and errors on these values) of all of the measured samples,
under the assumption of a narrow tilt angle distribution, are
provided in the Supporting Information.
From the data of the in situ polymerized sample in Figure 3b,

it follows that, assuming narrow distributions of the tilt angles,
during the early stages of the polymerization reaction, the
chromophoric side groups are angled at least at 75° from the
surface normal. A chromophore with an average molecular tilt
angle of 75° is a chromophore oriented parallel to a conical
region angled 75° from the surface normal. No absolute
orientation (up- or downward tilted) of the chromophore is
provided by the used methods. From Figure 3b, it follows that

even higher average tilt angles are produced in case broader
distribution widths are assumed. Such orientation, quasi-parallel
to the surface, is often observed with these types of
chromophores when they are physisorbed or chemisorbed on
glass substrates.35,36,39,40 If the true average tilt angle
distribution remains relatively narrow, the tilt angle follows a
steep decrease during the first 3 h and eventually halts at 56.6°
± 0.1°. This angle should not be confused or compared to
57.4°, the magic angle for UV−vis measurements (the magic
angle for SHG is 39.2°). During the third polymerization hour,
the comparability between both samples is justified by their
nearly identical tilt angles. Next to a change in the tilt angle
(with a constant narrow distribution of tilt angles), also a
broadening of the tilt angle distribution (combined with a
constant average tilt angle) or a combination of the two
mechanisms could explain our SHG data (see Figure 3b).13,41,42

In future work, additional methods, such as the null angle
method, could be used to further investigate the tilt angle
changes with polymerization time.43,44 In any case, both
samples show a comparable trend of the combination of the
distribution of tilt angles and average tilt angle. The initial
conformation that consists of chromophores aligned relatively
flat to the surface changes during the polymerization toward a
conformation of a collection of chromophores with a larger tilt
angle distribution or a generally decreased tilt angle. A larger tilt
angle distribution could potentially arise from a progressively
increased disordered polymer film.
In Figure 4, data from (a) AFM and (b) UV−vis

measurements of both samples are plotted. The wavelengths
of maximal absorbance, absorbance values, and corresponding
error bars are determined using a fitting procedure (see the
Supporting Information), except for the ex situ samples at 2 and
5 h, of which the average values and errors originate from two
measurements. The symbols used for the data originating from
two measurements are shown in another symbol (■, □). The
thickness of the dry polymer layer remains practically
unchanged for the first 3 h of polymerization. Then, during
the fourth hour of polymerization, the thickness increases

Figure 4. (a, Left) Dry thickness data from AFM measurements and (b, right) wavelength of maximal absorbance and its absorbance from both
samples. The single data point from the in situ grafted sample results from the final polymer layer that was grafted during the SHG measurements.
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dramatically and, eventually, halts at around 90 nm. With
polymerization time, the standard deviation increases. This
illustrates that a relatively rough surface is synthesized. In
contrast, the absorbance at the maximal wavelength shows a
moderate increase during the first 3 h of polymerization and a
more intense increase starting from the fifth hour of
polymerization. The ex situ sample taken at 8 h of
polymerization time shows a lower absorbance, which
corresponds to a lower monomer content and, therefore, also
explains its lower NLO signal intensity. Please note that the in
situ grafted sample, in contrast to the ex situ grafted sample, has
only polymer on one side of the substrate, hence, its lower
absorbance value. In addition, the wavelength of maximal
absorbance shows a blue shift with increased polymerization
time, indicating an increasingly less parallel side-by-side
alignment of the chromophoric side groups (which can be
envisaged as being electric dipoles).45−48 The blue shift is
situated between 3 and 5 h of polymerization time, and with the
exception of the sample grafted for 8 h, the decrease of the
wavelength of maximal absorbance halts. Intuitively, the less
parallel stacking results from interactions of chromophoric side
groups from neighboring polymer chains, with their polymer
backbones growing parallel in the same direction.49

The grafting density σpolymer provides the link between the
measured polymer thickness and the length of the polymer;
hence, it governs the conformation of the polymeric system and
is generally described by

σ
ρ

=
h N
Mpolymer

a

n

with h being the thickness of the dry polymer film, ρ being the
bulk density of the polymer, Na being Avogadro’s number, and
Mn being the number-average molecular weight of the
polymer.50 For example, with the other experimental
conditions, such as solvent and temperature, equal, increasing
the thickness of the dry polymer layer by adding monomers
causes changes in the polymer conformation. For surface-
tethered polymers, with the introduction of more monomers to
the polymer chain, the polymer changes its conformation from
lying flat on the surface with only a negligible thickness increase
with polymerization time, i.e., the “pancake” conformation, to a
stretched conformation accompanied by a linear thickness
increase with polymerization time, i.e., the “brush-type”
conformation. Because SHG offers information regarding the
tilt angle or its distribution (and, therefore, also the polymer
conformation), AFM generates the dry thickness of the
polymer layer, and UV−vis gives information on the alignment
of the chromophoric side groups and the amount of
chromophoric material, the combination of the data from
these three techniques offers a method to probe conformational
changes in surface-tethered polymers. Our results infer that,
after 3 h of polymerization time, a conformational change
occurs as a result of the occurrence of changes in the grafting
density, caused by crowding effects evidenced by the sudden
thickness increase of the dry polymer layer,10,51 provided that
the change in the number-average molecular weight does not
overpower the increase in grafting density. The latter situation
would also imply an increase in dry film thickness.
The conformational change, during the fourth hour of the

synthesis, causes a dramatic increase of the observed dry film
thickness, in combination with a halted tilt angle decline or
halted tilt angle distribution change and a decrease of the

parallel alignment of the electric dipoles of the chromophoric
side groups. This suggests that the grafted polymers experience
an enhanced crowding effect during the fourth hour of
polymerization that drives the polymer chains to grow with
their backbone more perpendicularly from the surface,
representing a pancake-to-brush transition. This is evidenced
by the change from a negligible thickness increase during the
initial stages of the polymerization to a linear thickness increase.
During the “pancake” stage, the polymer length increases but,
instead of creating a thicker polymeric layer by growing away
from the surface, the polymer has sufficient room to stay mainly
adsorbed on the surface.52

Literature reports regarding similar chromophore-modified
polymer brushes are focused around polymers with liquid
crystal (LC) side groups.33,37,49,53 Hamelinck et al. observed
that the LC side chains of relatively short polymer brushes
produce a homeotropic alignment, i.e., parallel to the surface
normal, as a result of a coiled conformation of the backbone.
Thicker brushes were found to render a decreased homeo-
tropicity, resulting in a tilted alignment of the LC side groups.37

Uesuka et al. used UV−vis spectroscopy to determine the
changes in the order parameter and side-group orientation of a
surface-grafted LC polymer with increased polymerization
time.31,49 In contrast to our results, they found a linear
relationship between the polymerization time and absorbance
increase. They concluded that the reorientation from the side
groups of the polymer changes from an initially random
orientation toward an orientation parallel to the surface at long
polymerization times, where the decreased flexibility of the
longer polymer chains aligned the polymers more perpendic-
ular to the surface.31,49 These literature results indicate that the
reached molecular conformations and tilt angles of the side
groups depend highly upon the experimental conditions and
the used chemical system and change abruptly with chain
density. Our data, originating from both a NLO and linear
optical technique and AFM, also show dramatic effects on the
polymer conformation with increased polymerization time, if
the conformation changes of the backbone are reflected in the
behavior of the chromophoric side groups. Moreover, the
observed trends in polymer layer thickness and polymer
conformation are efficiently probed by polarized SHG itself, by
monitoring the signal intensity increase or the average
molecular tilt angle, respectively. We therefore conclude that
polarized SHG is an efficient tool to study these conformational
changes and polymer growth in situ and ex situ.

■ SUMMARY AND CONCLUSION

We have grafted chromophore-modified polymer brushes from
glass substrates and characterized their properties using AFM,
UV−vis spectroscopy, and polarized SHG. To the best of our
knowledge, we presented the first in situ SHG optical
measurement of the polymerization of a polymer brush using
SI-ARGET ATRP. The results confirm that the presence of
very thin tethered polymer layers and the progression of the
polymeric growth can be probed in situ and ex situ using
polarized SHG. The average tilt angles of the chromophoric
side groups of the grafted polymers as well as their distribution
were found to change with polymerization time. A combination
of the SHG data with results from AFM and UV−vis enabled us
to pinpoint a conformational change that occurred in the fourth
polymerization hour. The conformational change is identified
as a “pancake-to-brush” transition. Moreover, we conclude that
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polarized SHG is an efficient tool to study these conformational
changes and polymer growth in situ and ex situ.
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