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ABSTRACT: In this work, the substitution of ethyl meth-
acrylate monomers is used as an approach to investigate the
effects of electron withdrawing group substituents to their
conformation at the two interfaces using sum frequency
generation (SFG) spectroscopy. Cyano (−CN), hydroxyl
(−OH), chloro (−Cl), and bromo (−Br) groups are substituted
at the ethyl end of the methacrylate backbone to replace one H
atom. Then, these neat substituted monomers are monitored at
both the air−liquid (AL) and solid−liquid (SL) interfaces. The
SFG spectra were recorded at different polarization combina-
tions and infrared regions to probe specific different vibrational
modes. The spectral results show relative changes in the
orientation of the α-methyl (α-CH3) group with respect to variations in the substituents. This conformational change can be
subsequently correlated to the carbonyl (>CO) group, which is structurally positioned close to the α-CH3 group. The
resulting intermolecular interactions in a condensed phase, especially between the α-CH3 group and the substituent in close
proximity, caused spectral changes obtained at the AL interface. These spectral changes revealed variations in (1) the intensity
of methyl Fermi resonance mode at ∼2935 cm−1 relative to the α-CH3 symmetric stretch, (2) the tilt angle of the α-CH3 group
relative to the carbonyl group, and (3) the intensity of the CO stretch at ∼1720 cm−1. The changes in the oscillator strengths
of these vibrational modes suggested that these intermolecular interactions were triggered by the presence of these substituents
in space. In addition, the overall conformation was driven by the strength and direction of the dipole moment. When Si−OH
oscillator is introduced through hydrogen bonding interaction at the hydrophilic SL interface, a change in the CO stretch
SFG signal clarifies the significant contribution of the dipole moment in the changes observed at the AL interface. The key
insight shows the importance of SFG spectroscopy as a tool to probe the small structural modifications of neat compounds.

■ INTRODUCTION
Research studies in predicting and interpreting substituent
effects on physicochemical properties and reactivities of
organic molecules have continued with unabated diligence.
In general, if an electron withdrawing or donating group is
present in a molecule, a change in the local dipole is expected
to affect the properties which are driven by the structural
components of the compound. Many theoretical and
experimental studies have been carried out to focus on the
function of an electronic substituent at a reaction center and its
influence on the reactivity of the compound.1−3 For example,
the substitution of CN for H increases the ethyl ester
hydrolysis by a factor of 20.1 Additionally, a study carried
out by Valenti and co-workers showed that substituents affect
the thermal behavior of thermotropic polymers.4 It is
noteworthy to know that small molecular changes in structure
have a significant contribution to the resulting macroscopic
properties of such materials.
However, the investigation of the effects of the electronic

substituents in neat liquids at a molecular level have not yet

been fully investigated, especially in terms of the conforma-
tions of the molecules at different interfaces. Such studies can
also be beneficial to liquid−liquid interfacial studies.5 The
predictions and evaluations performed for the bulk studies
have, in general, provided a boost in physical organic
chemistry.1−3,6 Nonetheless, it is equally, fundamentally
important to examine substituent effects at different interfaces
because the structural integrity, function, and dynamics of a
material can be distinct from those of the same material in the
bulk and can be significant to many interfacial phenomena.7,8

Thus, we chose methacrylate-based monomers, small mole-
cules with a small degree of complexity, as model compounds
to study such substituent effects at surfaces and interfaces
(Figure 1). The substitution of the ethyl methacrylate
monomer serves as an ideal approach to monitor conforma-
tional changes when probing for different functional groups
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such as CO, CC, and α-CH3. Another advantage of using
these monomers is their ability to undergo free radical
polymerization because of the vinyl (CH2) group.9,10 In
polymerization reactions, experimental factors such as
initiators, polymerization temperatures, solvents, and emulsi-
fications are identified and optimized for high yield, better
selectivity, and faster reaction kinetics. To describe these
parameters which better demonstrate the significance of neat
monomers is when polymerization reactions are performed at
the liquid−liquid interface. Having said that, this study of
polymer monomeric compounds has great relevance to
reactions and polymerizations at the liquid−liquid interface
between two immiscible liquids, as reported in a review by
Landfester and co-workers in 2016.11 This review summarizes
several studies on different emulsification techniques, reactions
at interfaces, and even polymerization at the droplet interface.
The authors emphasize the significance of an interface which is
described as a confined area between two phases from which
new products are formed from an interface-assisted reaction.
These result from accelerated reactions due to better
selectivity, faster kinetics, and more product yield. In this
case, the interface provides larger surface area for reactions to
occur from which reactions can be conducted in a steady-state
environment or mechanically stirred solution. The two
immiscible liquids also act as carriers for initiators and
reactants which improved selectivity. For example, monomeric
compounds delivered from either phase can be positioned in
close proximity12 to the interface. Thus, promoting the
reaction which then generates the polymer; a polymer that
can be soluble or insoluble in any of the phases. A good
example was presented by Manna and Kumar in 2013.13 They
presented an exhaustive analysis in order to understand how
existence of an interface affects the “on water” organic
reactions’ mechanism. The organic reaction focused on using
cyclopentadiene and alkyl acrylate and was enhanced by the
formation of droplets via stirring in water. By changing the
alkyl chain, the hydrogen bonding capability was reduced from
methyl, to ethyl, to butyl acrylate. The hydrogen-bonding
capability of both the cyclopentadiene and alkyl acrylate with
the neighboring water molecules of the droplets induced
changes at the heterogeneous conditions of the reaction. They
also reported temperature-dependent analysis in order to
understand the effect of decreasing H-bonding which resulted
in decreasing the exothermic nature of the enthalpy and the
entropy. Another study on cationic polymerization emphasized
finding ideal reactions at the lowest possible temperatures to
avoid transfer reactions which are common for vinyl
monomers.14,15 Ganachaud and co-workers focused on
enabling the use of aqueous environment for polymerization
reactions with less strict and simpler experimental conditions.15

To summarize, experimental conditions we used for our neat
monomers at the air−liquid interface during our measurements

are relevant in understanding how proximity, conformations,
and intermolecular interactions affect polymerization reactions
in situ or at different interfaces.
We analyzed this series of methacrylate monomers using

sum frequency generation (SFG) spectroscopy, a nonlinear
vibrational spectroscopic technique.16,17 SFG spectroscopy is
selective and sensitive in probing conformational changes at
surfaces and interfaces using different polarization config-
urations.18−20 The detailed theory and background of SFG
spectroscopy are reported elsewhere.16,17,21−23

In our previous work, we reported the orientation of the α-
CH3 group for a couple of selected bulky-substituted
methacrylate-based monomers. We obtained the orientation
distribution angles of the α-CH3 symmetric stretch at ∼30°
and ∼60° for the methoxy (O−CH3) and phenoxy (O−Ph)
group substitutions, respectively. We also reported π-stacking
interactions which played an important role in how the phenyl
group affected the overall monomer conformation and the
surface tension of the monomer at the air−liquid (AL)
interface.24 In this study, we evaluated the SFG spectra to
obtain insight into the resulting conformational changes of our
substituted monomers with electron withdrawing groups
(EWGs). We believe, with this EWG substitution, a clearer
conformational change for the α-CH3 group can be obtained
from the two different interfaces because the ethyl-substituted
group does not interfere with the methyl (CH3) vibrational
modes. Figure 1 shows the chemical structure of five
monomers: ethyl methacrylate (EMA), 2-cyanoethyl meth-
acrylate (CNEMA), 2-hydroxyethyl methacrylate (HEMA), 2-
chloroethyl methacrylate (ClEMA), and 2-bromoethyl meth-
acrylate (BrEMA).

■ METHODS

The EMA and HEMA monomers were purchased from Sigma-
Aldrich (St. Louis, MO) and were purified before use. The
CNEMA, ClEMA, and BrEMA monomers were synthesized
in-house and characterized to ensure purity and structure. The
detailed description of the synthesis of monomers, 1H NMR
and 13C NMR characterizations (Figures S1−S3), sample
preparation, and SFG experimental methods at the AL and
solid−liquid (SL) interfaces are provided in the Supporting
Information. Dilute monomer solutions (60 mL, 8.0 mM, 6.0
mM, and 4.0 mM) were prepared in H2O. The SFG spectra
were recorded with SSP and PPP polarization combinations in
the CH region and CO region.
Fourier transform infrared (FTIR) spectrometry (Shimadzu

IRAffinity-1S, Columbia, MD) was utilized for the IR
characterization. Potassium bromide windows were used as
plates to hold the liquid monomers. An R-3000 spectrometer
(PhotoniTech Pvt Ltd., Singapore) was used for the Raman
characterization of the monomers. The Du Nou y ring method
was used to measure the surface tension of methacrylate
monomers at the AL interface using a surface tensiometer
(CENCO-DuNouy interfacial tensiometer no. 70545, Central
Scientific Co., Chicago, IL). The detailed experimental
methods for surface tension measurements are reported in
our previous paper.24

■ RESULTS AND DISCUSSION

Initially, the SFG spectra of the EMA, CNEMA, HEMA,
ClEMA, and BrEMA monomers were collected using SSP and
PPP polarization combinations in the CH vibrational region

Figure 1. ChemDraw structural representations of the methacrylate-
based monomers.
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(2900−3100 cm−1) at the AL interface (Figure 2). The SFG
experimental method is described in the Supporting

Information. In the SSP spectra of monomers (Figure 2a),
the methylene symmetric stretch (CH2 SS, ∼2850 cm−1),25 α-
methyl symmetric stretch (α-CH3 SS, ∼2900 cm−1),26 CH3
Fermi resonance (CH3 FR, ∼2930 cm−1),27 and alkene
methylene symmetric stretch (CH2 SS, ∼3000 cm−1)28

vibrational modes are observed. The CH3 FR mode (blue
highlight, Figure 2) is evident in the SSP spectrum of the
unsubstituted EMA monomer. After analysis, we found the
SSP spectra of the substituted CNEMA and HEMA monomers
had similar spectral profiles to the EMA monomer where CH3
FR dominates each spectrum. On the other hand, the α-CH3
SS mode (green highlight, Figure 2) is visually more prominent
in the SSP spectra of the ClEMA and BrEMA monomers, as
supported by the amplitude values obtained from the fittings
(available in Table S1, Supporting Information). In the general
definition, the Fermi resonance mode is generated due to the
CH3 SS vibration splitting by Fermi resonance with an
overtone of a CH3 bending mode.29 The clear intensity
differences of the CH3 FR vibrational modes of ClEMA and
BrEMA monomers from the EMA monomer suggest these
were initially caused by a change in the overall conformation at
the AL interface. Nevertheless, Fermi interactions, in general,
are sensitive to a small conformational change of a molecule
induced by its interaction with the chemical surroundings.30

The analysis of the PPP spectra of CNEMA and HEMA
monomers shows their spectral profiles to be similar to what
was obtained from the EMA monomer. Both the in-plane (IP)
and out-of-plane (OP) α-CH3 asymmetric (AS) stretches
(2960 and 2975 cm−1, respectively)23 have discernible
contributions to the spectra (see Figure 2b). IP and OP
CH3 AS stretches are usually unresolved.17 However, in our
case, we can resolve the two peaks from each other. The
relative intensity ratio between the IP and OP AS stretches
increases from EMA to CNEMA and HEMA. The intensity
change means that, since the polarization of both incident
beams is parallel to the incident plane, a combination of both
the IP and OP AS stretches is probed by the p-polarized visible
and IR beams while only p-polarized SFG signal is recorded.
This means that both vibrational modes also lie parallel to the

incident plane.31 However, in the PPP spectra of ClEMA and
BrEMA, only the in-plane α-CH3 AS mode is observed. This
observation suggests most of the in-plane α-CH3 AS stretches
are positioned along the plane of incidence while a reduced
contribution from the OP α-CH3 AS vibrational mode was
observed when compared to CNEMA and HEMA.
Thus, when the FR signal at the SSP spectra is more

prominent, the contributions from both IP and OP α-CH3 AS
stretches are more evident. On the other hand, when the FR
signal contribution is reduced, the IP α-CH3 AS stretch is more
pronounced when compared to the OP α-CH3 AS stretch. If
that is the case, the replacement of H with substituents has
resulted in a conformational change of the interfacial
monomers. Closer spectral analysis of the BrEMA monomer
shows that the α-CH3 SS vibrational mode is positioned
perpendicular to the vibrational motion of the IP α-CH3 AS
stretch. Therefore, the chemical environment in the presence
of the Br substituent created a more ordered arrangement of
the interfacial monomers. The asymmetry condition for SF
activity also enables estimation of the degree of order or
conformation of the interfacial molecules such as these
monomers at a molecular level.17 However, this observation
can also be explained when degeneracy is reduced between the
IP and OP CH3 AS stretches because of physical perturbation
due to a change in the chemical environment provided by the
substituents. Using the same reasoning, the reduction in the
FR signal from H to −CN, −OH, −Cl, and −Br can also be
clarified by the fact that α-CH3 SS splitting due to FR
interaction with an overtone of the CH3 SS bending mode is
when energy states are equal between these two modes.
Additionally, the intensification of the vibrational mode
positioned at ∼2935 cm−1 can be explained by the
contribution of the CH3 SS fundamental mode to the overtone
band itself. For example, as shown in the BrEMA SSP
spectrum (Figure 2), the FR signal has decreased in intensity.
Therefore, the FR interaction between the fundamental mode
and the normally weak overtone of the CH3 SS bending mode
has been reduced which means there is a slight energy
mismatch between the two modes; two bands are not
symmetrically placed about the expected position for the
overtone and less contribution from the fundamental mode.
This occurrence is due to the reduced perturbation introduced
by changing H with the Br substituent.32 Figure 3a represents
the reduced degeneracy of the energy states for the
fundamental mode and the overtone of the CH3 bending
mode with the presence of Br substituent in comparison to the
absence of substituent. Overall, the frequency of the
fundamental vibration (α-CH3 SS) is sensitive to changes in
its environment; changes in the solvent and its current liquid
state can affect the intensity of the FR vibrational band.28

Thus, the modification of the monomer by varying the
substituents resulted in decreasing the intensity of the FR
signal positioned at ∼2930 cm−1 of the SSP spectrum (Figure
2).
These observations are results of noncovalent intermolecular

interactions occurring through space between the α-CH3 group
and the substituents with both in close proximity. As shown in
Figure 3b, changing H with Br substituent in the monomer
allows the change in the polarity of the α-CH3

17,33 of another
neighboring monomer, thus affecting the overall dipole
moment (μ) of the molecule and the strength of the oscillator
bands (A).

Figure 2. SFG spectra of substituted methacrylate monomers at the
air−liquid interface at (a) SSP and (b) PPP polarization
combinations.
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To prove the effect of proximity, we prepared aqueous
solutions of three methacrylate-based monomers (EMA,
CNEMA, and BrEMA) to spatially separate the monomer
molecules from each other. We hypothetically reduced the
number of monomer−monomer interactions as a function of
concentration in water. This approach was used in order to
investigate whether the reduction of the FR signal could be due
to field effects as driven by the close proximity of the α-CH3
group and the substituent (Figure S4).
The neat EMA monomer has its most intense peak at ∼2935

cm−1 assigned for CH3 FR. In the presence of water molecules,
two peaks at ∼2905 (CH3 SS) and ∼2967 cm−1 (CH3 AS)
become apparent. Then, for the CNEMA neat monomer, the
FR peak has remained in the same position at ∼2935 cm−1

from neat monomer to 8, 6, and 4 mM aqueous solutions of
CNEMA monomer. The characterization of the neat Br-
substituted monomer at the AL interface has resulted in a peak
at ∼2907 cm−1. However, as we introduced water molecules,
three distinct peaks appeared in the SSP spectra and its spectral
profile has remained similar for all aqueous solutions of the
BrEMA monomer. As we have predicted, the peak positioned
at ∼2950 cm−1 has appeared and is a result of the increased FR
interaction between the CH3 SS and an overtone of the CH3
bending mode. The additional two peaks are from the CH2
(∼2850 cm−1) and CH3 (∼2880 cm−1) vibrational modes. The
PPP spectra of all aqueous solutions of the three monomers
supported the assignment of the peaks in the SSP spectra. The
spectral changes observed in EMA and BrEMA monomers in
water compared to their neat forms were a result of the water
molecules surrounding the monomers which at the end
affected the orientation of the monomers. Thus, these spectral
changes are probably due to (1) interference effects as a result
of different orientations of the CH vibrational modes and (2)
contribution of resonant response of water via second-order
resonant susceptibility (χ(2)) and the third-order optical
properties of the bulk water (χ(3)).
In SSP spectra of EMA monomer in water (Figure S4a, the

disappearance of the α-CH3 FR peak at 2935 cm−1 and the
appearance of a peak at 2967 cm−1 could be a result of the
destructive interference between the α-CH3 FR and α-CH3 AS

modes. This is further proven by the PPP spectra, where the
peak positioned at ∼2967 cm−1 is assigned as the α-CH3 AS.
To test the effect of contribution from resonant response of
water via χ(2) or χ(3) on the observed spectral changes when
going from neat EMA monomer to aqueous EMA monomer, a
control experiment was carried out using 8 mM EMA in water
with 5% (w/v) salt. As the salt concentration was increased,
the combined contributions from the second-order resonant
susceptibility (χ(2)) and the third-order optical properties of
the bulk water given by a χ(3) term; the SFG signal from χ(2)

and χ(3) was reduced.34 From the spectra (Figure S5), it was
clear that the spectral profile changes when χ(2) or χ(3)

contributions are reduced by adding salt. This possibility
explains the disappearance of the CH3 FR peak and, at the
same time, the appearance of the CH3 AS positioned at ∼2965
cm−1. Looking closely at spectra, the spectral profile of EMA
monomer in water with 5% salt shows a convoluted shoulder
of the CH3 FR (∼2950 cm−1) and the CH3 AS (∼2965 cm−1).
The observation of the 2950 cm−1 peak is a result of
incomplete suppression of the χ(2) and χ(3) signals at 5% salt
concentration.
However, such an FR peak shift was not observed in

CNEMA aqueous samples compared to its neat form (Figure
S4b). Interestingly, the spectral profile for CNEMA neat and
aqueous samples is the same, especially for the peak positioned
at ∼2935 cm−1. This indicates that water−monomer and
monomer−monomer interactions have the same effect on the
orientation of the monomer at the air−liquid interface.
In SSP spectra of BrEMA monomer in water (Figure S4c),

the disappearance of the α-CH3 FR peak at 2935 cm−1 and
appearance of a peak at 2950 cm−1 could also be a result of
destructive interference between the α-CH3 FR and α-CH3 AS
mode. However, in the PPP spectra, the most distinct peak
positioned at ∼2965 cm−1 is assigned to α-CH3 AS. Therefore,
CH3 AS in the SSP spectrum should be positioned at ∼2965
cm−1 as well.10,21,24 In addition, the peak at ∼2950 cm−1 is the
most apparent peak in the SSP spectrum.10 Therefore, it can be
concluded that the peak at 2950 cm−1 in the SSP spectrum of
BrEMA in water is not coming from the α-CH3 AS but is a
result of the increased FR interaction between the CH3 SS and
an overtone of the CH3 bending mode. The peak shift from
∼2935 to 2950 cm−1 is an indication of the FR sensitivity to
changes to its surroundings. However, it is also true that the
difference in the orientation of the α-CH3 group, as a neat
liquid, and in water, leads to an apparent peak shift.35 This
explanation still supports the spectral change and it can still be
explained that the change in the orientation of the monomer
was due to the presence of water molecules which then
separates the monomer molecules from each other.
However, the SFG intensity and peak positions are also

dependent on surface coverage.36 Therefore, it is also
important to estimate the surface coverage of these monomers
at the selected concentration ranges and consider its effect on
spectral changes observed with monomers in water. Surface
coverage of the monomers at these concentrations are
estimated by measuring SFG isotherms.37−39 A detailed
calculation for the surface fractional coverage is shown in the
Supporting Information for EMA monomer (Figure S6 and
Table S3) for a concentration range of 0−18 mM (spectra not
shown). Peak shifts were not observed in the SFG spectra as
we increased the concentration from 0 to 18 mM. The
minimum to no variation in the SFG intensity profile after ∼7
mM suggests that a full surface coverage was achieved at this

Figure 3. (a) Representation of α-CH3 SS splitting due to FR
interaction with an overtone of the CH3 bending mode when two
states are degenerate (for EMA monomer) and when there is reduced
degeneracy in the two states (for BrEMA monomer). (b)
Representation of the affected oscillator band strength due to a
change in the polarity of the α-CH3 group due to the presence of the
substituents in close proximity.
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concentration. Similarly, the concentrations at which the full
monolayer is formed were estimated by qualitatively evaluating
the plots of the SFG intensity of CH3 vibrational modes as a
function of the concentration of CNEMA and BrEMA
monomer aqueous solutions. The results for CNEMA
monomer imply that a full monolayer has not yet been
achieved for the concentration range of 0−12 mM because the
SFG intensity of CH3 FR has not reached a plateau yet, as
shown in Figure S7a. The plot of SFG intensity of CH3 FR for
BrEMA monomer as a function of concentration (Figure S7b)
shows an inflection point at ∼4 mM which can be considered
as the concentration where a full monolayer is obtained.
To summarize, the careful analysis of SFG spectra of EMA

monomers in water inferred that the spectral changes from
neat monomer to aqueous monomers could be due to
interference effects and contribution from χ(2) or χ(3) response
from water. On the other hand, the CNEMA monomer in
water did not show any spectral profile change compared to its
neat form, where the CH3 FR peak was consistently observed
at 2935 cm−1. In the case of the BrEMA monomer, it was
substantiated that the CH3 FR peak shift and increased FR
interaction were due to the presence of water molecules which
then separated the monomer molecules from each other. This
further confirmed that the reduction in the FR interaction in
neat BrEMA monomer is because of Br and α-CH3 group
being positioned close to each other, which effectively changes
the α-CH3 polarity.
To further examine the surface structure of monomers as a

function of substituents, the SSP and PPP SFG spectra were
recorded in the CO vibrational region (1750 cm−1). Figure
4a shows the SSP polarized spectra of monomers at the AL
interface. The PPP spectra (Figure S8) and the fitting values
and parameters (Table S4) are given in the Supporting
Information. In the SSP spectra, the peak at 1725 cm−1 is
assigned to the CO stretch.40 The peak at ∼1640 cm−1

observed in the SFG spectra of CNEMA and HEMA
monomers is assigned to the CC stretch of the vinyl
group.28 The SSP spectrum of the EMA monomer (H) did not

show any significant signal at the CO region. However, once
the substituents replaced H in EMA, an apparent change in the
CO signal for CNEMA, HEMA, and ClEMA monomers was
observed (green highlight, Figure 4a), except for the BrEMA
monomer. However, the CO fitting for the BrEMA
monomer reports otherwise, as shown in Table S4. This
intensity variation has two possible explanations.
First, we can correlate the change with the estimated tilt

angle of the α-CH3 group because it is closely positioned to the
CO group. SFG signal is reduced when the tilt angle
increases from the surface normal based on the IR selection
rule. The average tilt angles of the α-CH3 group of the
monomers were calculated using the intensity ratio of α-CH3
SS (SSP/PPP) (Table S5). The tilt angle values varied with the
substituent. However, the estimated deviations (95% con-
fidence level) of the tilt angles are considerably high, which is
mainly due to the errors acquired from fitting the spectra. For
example, when the α-CH3 group is oriented close to the
surface normal (for CNEMA), the intensity of the CO
vibrational mode is higher, indicating the CO group is also
oriented closer to the surface normal (Figure 4b).
Second, to determine if the intensity variation of the CO

signal at the AL interface is due to either the dipole moment or
polarizability; we carried out infrared and Raman bulk
measurements. Then, we plotted the fitted CO signal from
both measurements as a function of the fitted SFG CO
signal for all monomers (provided in the Supporting
Information, Figure S9a). Based on the results, the IR signal
has changed due to the characteristics of the substituents. On
the other hand, the Raman did not vary except for the HEMA
monomer. This result for HEMA monomers is due to
hydrogen bond formation between CO···HO and OH···
OH. Therefore, SFG CO signal variations in the monomers
can be explained by the change in the dipole moment from
replacing H with the other substituents. Therefore, to further
support these explanations, we used the substituent constants
from the review written by Taft and colleagues: specifically, the
F parameter values of Swain and Lupton built from Hammett’s

Figure 4. (a) SFG spectra of substituted methacrylate monomers in the CO vibrational region at the AL interface. Amplitudes of the CO
stretch as a function of (b) tilt angle and (c) dipole moment.
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parameters.41 The F parameter was derived from the Swain−
Lupton equation, which is a linear free energy relationship that
can be used to assess the substituent effects.41 The F
parameters also only focus on purely inductive effects which
are defined by field and electronegativity effects. The plot is
shown in Figure S9b, which shows the CO SFG signal to be
dependent on the addition of substituents using the substituent
constants. In this case, a slight increase in the CO signal was
acquired when H was substituted by Br, Cl, CN, and OH
groups. On the other hand, it evaluates if the surface tension
(ST) has a role or an effect on the observation and changes in
the SFG intensity of the CO signal at the AL interface. The
surface tension gives an idea about the hydrophobic nature of
the neat monomer at the air−liquid interface. At the same
time, it can also find the relationship between hydrophobicity
and the CO SFG signal. It seems that, with substituents,
there was a slight increase in the surface tension values, which
shows the monomers’ increasing hydrophilic nature or
decreasing hydrophobic nature. Therefore, if the surface
tension (∼26 mJ/m2) is lower, as in the case of EMA, more
hydrophobic functional groups are arranged closer to the air−
liquid interface. In this case, the surface tension picture in
relation to the CO signal only shows an effect upon
replacement of H but the CO signal between Br, Cl, CN,
and OH substituted monomers was not greatly affected by the
change in their surface tension values. Consequently, surface
tension did not show much effect on the SFG signal of α-CH3
SS and FR peaks. Other than acquiring these estimated tilt
angles, F parameter comparisons, and ST measurements, we
also obtained the overall dipole moment of each monomer
using Gaussian 9.0 (B3LYP functional, AUG-cc-PVTZ basis
set), as shown in Figure 4c.
Herein, a plot between the SFG CO signal with respect to

the F parameter values shows the dependence of the SFG C
O signal on the change of electronic substituents (Figure S9b).
In this case, the electronegativity may not play a role in the
change in the intensity because the CO group is separated
by an additional two carbon atoms to the substituents which
reduce its influence. However, field effects defined by
interaction through space is another method that can affect
the CO signal due to the proximity of the substituent. When
Br or Cl is near the carbonyl oxygen in space, a higher
frequency results relative to the isomer in which the Br or Cl
has rotated away from the oxygen.32 This results in the
electron cloud of the Br or Cl atom near the oxygen

electrostatically restraining the tendency of the oxygen to
attract electrons. Rotational isomers can occur due to the field
effect. The CO group is known to have a strong dipole
moment due to the polarity of the double bond; thus, it is
highly sensitive toward minor changes in the environment. It
can participate in electrostatic interactions through its
positively charged carbon and negatively charged oxygen.
The ester groups of the monomers are structurally flexible
because the C−O−C bond has a low barrier; thus changes in
its conformation are possible. In the literature, these
conformations are reported to be influenced by the nature of
the substituents and solvents if present42,43 relative to the
neighboring polar group.44 Additionally, since no peak shift to
higher frequency was observed, it is less feasible that the
intramolecular field induced changes in the CO signal.
However, these explanations still support the changes being
due to intermolecular interactions through space where the
substituent is still located near the carbonyl group. If this
happens, the electron cloud around the substituent electro-
statically restrains the tendency of the oxygen atom to receive
an electron.
Using the dipole moment values estimated from Gaussian

9.0, the SFG CO signal shows dependence on the overall
dipole moment of monomers at the AL interface. Analogously,
we simulated the potential energy of the dipole−dipole
interaction to explain the trend in Figure 4c, wherein two
polar molecules are positioned near each other. With the
following equation

θ θ ϕ
μ μ
πε

θ θ θ θ ϕ= − [ − ]

V r

r

( , , , )

4
2 cos cos sin sin cos

1 2

1 2

0
3 1 2 1 2

where V is the potential energy defining this specific
interaction, μ1 and μ2 are two point dipoles of moments
separated at a distance r and oriented relative to each other
defined by θ1 and θ2, while ϕ is the rotation along the axis
perpendicular to the normal. ε0 is the permittivity of free space:
8.854 × 10−12 C2 N−1 m−1. When the dipoles are aligned in
line, a maximum attraction occurs between the two dipoles.
However, if these two dipoles are parallel to each other, the
dipoles are much closer to each other. Thus, this configuration
makes a favorable interaction and leads to the minimization of
the potential energy.45 This selected conformation can
represent our observations at the AL interface because of its

Figure 5. SFG spectra of (a) EMA, (b) CNEMA, and (c) BrEMA in the water at SSP polarization combination in the CO vibrational region
(1750 cm−1). The CO stretch is indicated with yellow highlight.
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connection to preferred SF activity. Therefore, if we assume
that the two dipoles are parallel to each other, we can use 90°,
90°, 0° and 0.29 nm for θ1, θ2, ϕ, and r values and estimate
V(r,θ1,θ2,ϕ).

45 At such parameters, the SFG CO amplitude
and the simulated V(r,θ1,θ2,ϕ) (shown in red line) are both
plotted with respect to the dipole moment estimated from the
Gaussian 9.0 software. As shown in Figure 4c, the plotted
potential energy with respect to the dipole moment is used to
describe the dipole−dipole interaction of the neat EMA and
substituted monomers at the AL interface. EMA and CNEMA
monomers fit the model with a ϕ modification, where ϕ = 50°
for EMA and ϕ = 40° for CNEMA monomer. HEMA, ClEMA,
and BrEMA monomers fit the model with θ1 and θ2
modifications. Values of θ1 = 150° and θ2 = 60° are reported
for HEMA monomer, whereas θ1 = 150° and θ2 = 60° are
needed for ClEMA and BrEMA monomers. The results of the
readjustments for the parameter values of θ1, θ2, and ϕ to fit
the acquired SFG CO data are presented in the red dashed
line in Figure 4c.
Earlier, we mentioned our experiment using aqueous

solutions of our monomers. We observed hydrogen-bonded
water molecules in the OH region (spectra not shown). In
addition, the CO signal was obtained for 4, 6, and 8 mM
EMA, CNEMA, and BrEMA monomers in water (Figure 5).
The spectral data from neat to aqueous solutions were
collected on the same day to avoid discrepancies introduced
by collecting data on different days. The preparation of
different concentrations of monomers in water was only shown
to present the significant change of the CO signal when
present in water in comparison to the CO signal at the neat
state of the monomer. A significant increase is observed when
going from neat sample to aqueous samples. As an example, in
Figure S10b, the SFG intensity of the CO vibrational mode
was also plotted as a function of concentration of the BrEMA
monomers in water (4−8 mM) to show the extent of the
change in the CO signal. In general, Figure S10 shows the
intensity variation of CO stretch for the BrEMA monomer
in water at different concentrations; the increasing SFG
intensity is due to increasing number density of the CO
vibrational modes at the air−liquid interface. These results
indicate only not the ability of the water molecules to form H-
bonds but also its ability to create a directional dipole−dipole
interaction that augments SF activity.
Therefore, to further investigate the effect of substituents

and their interactions in a more controlled condition, we used
a hydrophilic fused silica surface to interact with neat
monomers. At the solid−liquid interface, we picture the top
layer of monomers to be bonded to the available surface silanol
groups of the fused silica window, which relatively restricts
their arrangement, in comparison to the air−liquid interface,
where the liquid has fewer restrictions and is loosely packed.40

At this interface, hydrogen bonding formation can be mediated
between the CO group of the monomers and the available
surface silanol (Si−OH) groups. We hypothesize that the
formation of H-bonds should adjust the field effects exerted by
the substituents on the molecular groups. The CH vibrational
region spectra of the monomers were collected at SSP and PPP
polarization combinations. The spectra are given in the
Supporting Information (Figure S11) with fitting results and
parameters (Tables S6 and S7). The CH region spectra of all
the monomers show similar spectral profiles at both SSP and
PPP polarization combinations. One key observation at the SL
interface is that the FR interaction or signal is not affected by

replacing H with CN, OH, Cl, and Br substituents (Figure S12,
Supporting Information). Details about the orientation of α-
CH3 group are available in the Supporting Information (Table
S8).
Next, the SFG spectra of the monomers were recorded at

1750 cm−1 using SSP (Figure 6) and PPP polarization

combinations at the SL interface. PPP spectra (Figure S13)
and the fitting values and parameters (Table S9) are available
in the Supporting Information. In the series of SSP spectra, the
CO stretch is observed at 1720 cm−1.40 The intensity of the
CO stretch (1720 cm−1) from the fitted spectra varies with
the higher value for BrEMA and the lowest value for CNEMA.
Plots of the SFG CO amplitude versus (i) dipole moment
values obtained from IR measurement and density functional
theory (DFT) (Figure S14a,b, Supporting Information), (ii)
surface tension at the SL interface (Figure S14c, Supporting
Information), and (iii) F parameter values (substituent
constants) of Swain and Lupton (Figure S14d, Supporting
Information)41 were shown to explain the discernible CO
signal at the SL interface. As stated earlier, since we did not
obtain the average tilt angle values for the CNEMA and
BrEMA monomers; we opted not to plot the CO signal as a
function of the α-CH3 tilt angle. The replacement of
substituents has less effect at the SL interface compared to
the results of the AL interface. Looking closely at the plots of
SFG CO signal as a function of the IR CO signal and the
dipole moment from the DFT calculation, the SFG CO
signal from ClEMA and BrEMA monomers varied a little from
that of EMA (unsubstituted) monomer. However, CNEMA
and HEMA varied a little bit more from EMA when compared
to other monomer derivatives. Although the variations are not
so apparent, similar results were observed when the CO
signal was plotted against substituent constants and surface
tension values. Therefore, the apparent observation of the C
O signal at the SL interface is not only from the microscopic
property via dipole moment or using surface tension as a
macroscopic measurement. Another interaction that can
explain our results is hydrogen bond formation. Since the

Figure 6. SFG spectra of substituted methacrylate monomers in the
CO vibrational region at the SL interface and a cartoon
representation of the monomers at hydrophilic silica−monomer
interface emphasizing the formation of hydrogen bonds.
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carbonyl group is sensitive to changes in the chemical
environment, the presence of a silanol group (solid) or surface
hydroxyl group, as an oscillator, can selectively interact with
the CO group forming hydrogen bonds (CO···H−O). In
SFG, this localized interaction allows for the CO group to
orient parallel normal to the surface, which results in the
enhancement of the signal. However, the intensity is also
dependent on the number density of the vibrational modes
present at the interface. Thus, this explains why only a slight
change was observed in the CO intensity from the EMA
monomer to ClEMA and BrEMA monomers because it is less
likely for the −Cl and −Br substituents to form H-bonds with
the CO (intra- and inter-) and the Si−OH group. −Cl and
−Br substituents are considered weak to non-H-bonding
species. Thus, this situated the CO group to specifically
interact with the OH group and allowed a higher number of
CO groups to interact with the surface hydroxyl groups
resulting in higher CO intensity. However, a different
scenario explains the slight reduction in the CO signal for
both HEMA and CNEMA compared to ClEMA and BrEMA.
The −CN group of CNEMA can form weak H-bonds with Si−
OH group. In addition, the OH group of HEMA can form H-
bonds with the available surface silanol group, the CO, and
the OH groups of the HEMA monomer itself. These result in
intra- and intermolecular interactions, i.e., CO···HO−CH2,
H2C−OH···OH−CH2, CO···HO−Si, and Si−OH···OH−
CH2 (Figure 6).
Therefore, based on SFG selection rules, the number of

oriented CO groups to the surface normal, as well as the
number density of the CO stretch, is reduced at the SL
interface. Spectroscopically, the broader bandwidth and the
intensification of the CO signal is a result of hydrogen
bonding formation (CO···H−O) between the CO of the
methacrylate-based monomer and the Si−OH group of the
hydrophilic fused silica interface.28

■ CONCLUSION
In summary, we have shown that the substituents attached to
the ethyl end of a methacrylate backbone, replacing H, affect
the overall interfacial monomer conformations at AL and SL
interfaces. The SFG spectra of EMA and substituted
monomers at the AL interface show variations in the intensity
of methyl FR mode relative to the α-CH3 SS, whereas at the SL
interface the intensity of the FR mode is not drastically
changed. Moreover, an apparent change in the intensity of the
CO stretch was observed in the presence of substituents,
with the highest CO stretch intensity being observed for
CNEMA. On the other hand, the intensity of the CO stretch
varies with a higher fitted value for BrEMA (∼5.4) and the
lowest fitted value for CNEMA (∼1.8) at the SL interface.
These changes in the conformation were driven by the nature
of the substituent, intra- and intermolecular interactions,
interfacial properties such as surface tension, and the overall
dipole moment of the monomers. In conclusion, this model
study of electronic substituents at different interfaces is
beneficial to the broad communities of physical organic
chemistry, surface science, and materials science in predicting
favored interactions in a more complex chemical environment,
different interfaces, and developing surface-initiated reactions.
The intermolecular and intramolecular interactions of
monomers affect macroscopic properties such as viscosity
and hence the polymerization kinetics.46 Therefore, an in-
depth understanding of the interfacial methacrylate structure

and its interactions can also open a pathway for many other
surface research opportunities.
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