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Abstract: Molecular structures of poly(n-butyl methacrylate) (PBMA) at the PBMA/air and PBMA/water
interfaces have been studied by sum frequency generation (SFG) vibrational spectroscopy. PBMA surfaces
in both air and water are dominated by the methyl groups of the ester side chains. The average orientation
and orientation distribution of these methyl groups at the PBMA/air and PBMA/water interfaces are different,
indicating that surface restructuring occurs when the PBMA sample contacts water. Analysis shows that
the orientation distribution of side chain methyl groups on the PBMA surface is narrower in water than that
in air, indicating that the PBMA surface can be more ordered in water. To our knowledge, this is the first
time that quantitative comparisons between molecular surface structures of polymers in air and in water
have been made. Two assumptions on the orientation distribution function, including a Gaussian distribution
and a formula based on the maximum entropy approach, are used in the analysis. It has been found that
the orientation angle distribution function deduced by the Gaussian distribution and the maximum entropy
distribution are quite similar, showing that the Gaussian distribution is a good approximation for the angle
distribution. The effect of experimental error on the deduced orientational distribution is also discussed.

structures in aits1® modification of polymer surfaces by
surface treatmenif;20 surface structures of polymer blerids,
and restructuring of polymer surfaces in aqueous solifiéh.
One of the advantages of using SFG to study surface
structures is that orientation and orientation distribution of
surface functional groups can be possibly deduced by collecting
SFG spectra using different polarization combinations of input
| and output beam&; 27 thus, information of surface structure
can be obtained. Another advantage of SFG is that it can detect

1. Introduction

The performance of many polymers is often dictated by their
surface or interface properties, such as wettability, friction,
lubricity, wearability, adhesion, and biocompatibility* Such
properties depend critically upon the molecular structure at the
polymer surface or interface; thus, it is crucial to understand
polymer surface or interface structures at the molecular level.
In recent years, sum frequency generation (SFG) vibrationa
spectroscopy has been successfully developed into a powerfu
and unique technique to study molecular structures of surfaces(13) Shultz, M. J.; Schnitzer, C.; Simonelli, D.; Baldell,IBt. Rev. Phys. Chem.

19, 123.
and interface8.1° It has been applied to study polymer surface (14) K,mq J- Cremer, P. SI. Am. Chem. So@00Q 122 12371.
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molecular interface structures directly from the “buried” solid/ demonstrated by SFG for the first time that a polymer surface
liquid interface. Therefore, surface structures can be comparedstructure can be more ordered in water than that in air.
in air and in water by SFG studies.

On an ordered surface, the orientation of surface functional
groups can be assumed to bé angle distribution; therefore,

2. Experimental Setup

Polymer samples investigated in this work were prepared using

) . . . .. PBMA (MW = 180 000, purchased from Scientific Polymer Products
the orientation angle(s) can be deduced by using the Intens'ltylnc., used as received). Films were obtained by spin coating 2 wt %

ratio _Of _SFG s_pectra collected with different polarlzat|0|_’l polymer/toluene solution at 3000 rpm on fused silica substrates (1 in.
combinations of input and output laser beams. If the assumption giameter, 1/8 in. thick, purchased from ESCO products). Samples were
of a very narrow angle distribution cannot be confirmed by annealed at 80C for 20 h before analysis. The film thickness was
separate measurements, evaluation of the orientation distributiormeasured to be about 100 nm by a Dektak 3 profilometer.

is equally important. If, for example, the orientation angle is  The SFG spectra shown in this paper were collected by a custom
deduced to be close to the so-called “magic angle”, it is difficult designed EKSPLA SFG spectrometer, which was described in detail
to identify whether it is the real orientation angle, since various elsewheré**?Briefly, the visible input beam at 0.532n was generated

angles with different angle distributions would give the same Py doubling a part of the fundamental output from an EKSPLA
result2 Nd:YAG laser. The IR beam tunable between 2.5 anditO(with a

Polymer surfaces are usually considered to be less ordered.“ne width < 6 cn1Y) is obtained from an optical parametric generation/

. . . . o amplification/difference frequency generation (OPG/OPA/DFG) system
Understanding and controlling orientation distribution of surface based on LBO and AgGaSrystals, which were pumped by the third

functional groups or surface structural ordering of polymer y5monic and the fundamental output of the laser. Both beams had a
materials is very important. For example, a polymer surface pyise width of~20 ps, a repetition rate of 20 Hz, and a typical beam
with well-aligned polymer chains could serve as a template for diameter 0~~0.5 mm at the sample surface. The incident angles of the
growing highly ordered polymeric or organic crystals with visible beam and the IR beam were°@thd 54, and their energies at
superb mechanical, electrical, thermal, or optical propetfies. the sample surface were300 and~100uJ, respectively.

We believe that information about polymer surface ordering will ~ For the present investigations two sample geometries were used. In
provide a new view and a new understanding of polymer surface the “sample face up” arrangement (polymer film on top) we collected
structures for scientists in many different areas. Information on SFG spectra of the air/polymer interface in the reflection direction from
orientation distribution can be obtained either from additional € 1P Of the sample. In the “sample face down” geometry (fused silica
substrate on top), the input beams traveled through the substrate and

SFG measurements or other sources. Shen and his COIIeaguev“\:'/ere overlapped at the polymer/air interface. We collected the reflected

have studied orientation and orie_ntation distribution of meth- grq spectra generated from that interface through the sub&tete.
ylene groups on a rubbed poly(vinyl alcohol) (PVA) surface sk spectra tested with both geometries were identical except that the
using absolute SFG intensities and found that it was quite spectral intensities were different, due to the different Fresnel co-
ordered due to mechanical rubbitffyOn the other hand, efficients and other parameters in eq 3.1 (see below). This latter
Simpson et al. have compared data obtained from secondarrangement can bring the polymer film in contact with water and
harmonic generation and linear optical methods to determine collect SFG spectra from the polymer/water interf&te.

the angular distribution of surface-bound molecular systéms. 3 Theoretical Background

For the polymer system presented here, linear optical investiga-

tion methods are not applicable because of the lack of surface The SFG output in terms of energy per pulse in the reflected

direction can be written 8%

sensitivity.

Previously we have demonstrated at the molecular level by 8n3w23e(,2ﬁ -
SFG that surface restructurings of poly(methacrylate)s with Sw) = Ixéf? (o) (w)AT (3.1)
various side chains in water are quite different. Qualitative cny(@)ny(@y)ny(wy)

results of these surface restructurings in water have been
summarized in a recent communicatfrtere we present an
in-depth investigation of the surface restructuring of PBMA in
water. The orientation and orientation distribution of side chain

methyl groups on PBMA surface in air and water have been is th | idth of both | | is th 0D
quantified by using both the spectral intensity ratio of SFG 2, Tis the pulse-width of both input lase#s)s the overlapping

spectra collected with different polarization combinations of Cr0SS section of the two input beams at the s.a'rrlwple,;ﬁhd;
input and output laser beams, and the absolute SFG spectrafh€ effective second-order nonlinear susceptibility.

intensity which has been calibrated by a known standard z-cut The effectlvg second-order nonlinear susceptibility tensor of
quartz. We determined the structural ordering of the PBMA the surface,y&, is related to the second-order nonlinear
surface in air and in water by comparing the orientation angle Susceptibility tensog® in the lab coordinate system. In this
distributions of side chain methyl groups. The surface orientation "ePOrt, we have collected SFG spectra with two polarization
angle distribution was calculated by using both a Gaussian cOmbinations of input and output laser beams, namely, ssp
distribution and a more general distribution obtained from the (S-polarized SFG output, s-polarized visible input, p-polarized
maximum entropy approach (we will refer to it as “maximum infrared input) and sps. The two measured componeng&bf
entropy distribution” below). According to the results, we have are related to the tensor Componq’fﬁ%(i, i k=x,y, 2 of y@
(see, for example, ref 27) by:

wheren(w;) is the refractive index of the incident medium at
frequencyw;, w andp are the frequency and the reflection angle
of the sum frequency field, respectively(w1) andl(w,) are
the intensities of the two input fields with frequencies and

(28) Simpson, G. J.; Rowlen, L. K. Am. Chem. S0d.999 121, 2635.
(29) Wittmann, J. C.; Smith, Mature 1991, 352, 414. o 2
(30) Wei, X.; Zhuang, X.; Hong, S. C.; Goto, T.; Shen, Y.Fhys. Re. Lett. @ — F @

1999 82, 4256. Xettssp— Mssplyyz (32)
(31) Simpson, G. J.; Westerbuhr, S. G.; Rowlen, KAnal. Chem200Q 72, 2 _ = ) ’
887. Xeﬁ,sps_ spQCyzy
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whereFsspandFspsare the Fresnel coefficient%,zy)zandxg)yare the molecular hyperpolarizability tensor elements. For simplicity,
different components gf@ with the lab coordinates chosen in  we can use co$ instead oft) as the independent variable of
such a way that is along the interface normal ands in the the distribution. Then the averages can be calculated as

@ can be written as:

plane of incidencey%, andx?,

yyz

1
[¢os' 3= [, cos' 6 f(cos6) d(cost) (3.8)
A
@_,Q @ —.,0 ka o S
Zik =Rt Y Zikg =R T Y PP (3:3)  which gives thenth moment of the distributiof(cos 6).
q q 72 q q Therefore, from a mathematical point of view, the problem

of determining the molecular orientation is equivalent to
' reconstructing the distribution function from its first and third

moments and the normalization condition. In fact, it is a quite
. L . common problem in physics and engineering to determine a
To deduce orientation information of methyl groups on the function for which only a few moments are known. Examples
PBMA surface from the measured ssp and sps SFG speclrajncude calculation of electronic and magnetic strucftre,

we made some general assumptions. The methyl group canyeermination of thermodynamical functiosand study of
usually be treated as havirig, symmetry. It is reasonable to tomographic imaging® This task is widely known as the
assume that the polymer surface is azimuthally isotropic; “problem of moments”

therefore, the angl® between the surface normal and the It is clear that we can construct an infinite variety of

prmmpql ax:As of the_ met:ylhgroulp can befused to descglb;a Illts normalized functions for which the first and third moments are
orientation. As mentioned, the polymer surface may not be fully equal to the measured values. Therefore, we must make

ordered;. ‘hPS' .the molgcular orlentatpn can be CharaCte”ZEdadditional assumptions on the form of the distribution function
by the distribution functiorf(9) of the orientation an'gllejs. so that we can find a unique and reasonable solution.

The measured surface second-order susceptibility tensor o, first assumption is that the distribution function is a
element%szk) determined in the laboratory frameg, (y, 2 can Gaussian function:
be expressed in terms of the molecular hyperpolarizability tensor

whereynr arises from the nonresonant background contribution
and A, wq and I’y are the strength, resonant frequency, and
damping coefficient of theth vibrational mode, respectively.

elementsoape described with respect to the molecular frame e 90)2
(a, b, 9. The resulting expressions carry the orientation f(0) =Cexg————— (3.9)
information obtainable from SFG measurements. For the sym- 20°
metric stretching mode of the methyl group, we h&vé" whereC is a normalization constant andis the root-mean-
o 21 square width. It follows immediately that if we only measure
Yyyzs= Jo 5 Nyt o COSO(L + 1) — the intensity ratio of the ssp and sps SFG spectra, we could not
3 . get 6p and o at the same time. To dedudg and o simulta-
cos 6(1 — )] f(6) sin6 do neously, we also measured the absolute valwgﬁgg through
@ - ) (3.4) measuring the absolute SFG spectral intensity.
Xyzys= Jo 3 Ny0teeJCOS O — cos’ 6)(1 — 1) f(6) sin 6 do Although the Gaussian distribution has been used several
times to describe molecular orientation on surfa&&s'and
For the asymmetric stretching mode, we have: one can assign a pictorial meaning to its parameigando,
still there is no specific physical reason behind that choice.
X%)zasz j(')”_ % NeOlead COS O — cos 6] f(0) sin 6 do Indeed, any function that reproducgs correctly the fir§t and thi.rd
N (3.5) moments could be as good a choice as the Gaussian function.
Xi/zz)yas _ oﬂi N P #(6) sin 6 do In the treatment of the problem of mome_nts, several me_thods
had been developed for the construction of approximate
where distribution functions, whickat least in the limit of a huge
' number of known momentsconverge to the real distributich.
Oy One of them is the maximum entropy approach, which offers a
a;?C,q= = (3.6) definite procedure for constructing the distribution. It has its

wp — wq + 1l foundation in information theory; that is, it tries to find the least

biased form of the distribution, using only the information
available from experimeri In this formalism the most probable
approximate distribution for each finité of available moments
has the forr#®

and Oleees Olaacs Olcaaas@f€ nonvanishing stretching vibration
hyperpolarizability tensor elements of the methyl grétp.

I' = Qlaacs/Ocees: Ns IS the surface density of methyl groups. From
evaluation of egs 3.4 and 3.5 it follows that the measured tensor

elements?, are linear combinations dtos gC(which is /3 N
cos® f(#) sin 6 df) and[¢os’ O(which is /7 cos 6 f(6) sin 6 f(6) = exp(Z a, cos' 6) (3.10)
do) in the form n=

oS o0 3.7) This formula is often used in ordering studies of liquid crystals

@ _
it = Ugpeq LCOSOEF W, i -
Xijka — Yabeq a or polymer main chain®

beg

where coefﬁuents;abc,q andwabc'q are known values related to (33) Mead, L. R.; Papanicolau, N. Math. Phys1984 25, 2404 and references

therein.
(32) Wang, J.; Chen, C. Y.; Buck, S. M.; Chen, Z.Phys. Chem. B2001, (34) Poland, DJ. Chem. Phys200Q 113 9930.
105 12118. (35) Basu, S.; Bresler, YEEE Trans. Im. Proc200Q 9, 1107.
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Table 1. Measured Second-Order Nonlinear Susceptibility Tensor
© in air, experimental data Components?

a. ssp -+ - - fitting result

in water, experimental data
fitting result

wavenumber r Ay Ay Apy Ay
(cm™) (cm™) (AP (W/P) (AIP) (WIP) assignment

2855 6.0 0.44 -1.83 - - CHy(s)

2875 6.0 9.96 7.71 — - (ester)CH(s)
2895 6.0 3.74 —-477 - -

2915 8.0 531 -2.75 3.28 1.79

2932 80 -— 459 177 1.43

2940 6.0 8.52 7.72 0.36 2.71 Fermi
2960 8.0 —4.78 -—-12.33 8.06 5.04 (ester)Gths)
2990 100 - - - —1.08 (@)CHs(as)

w
o
o

3

N
o
o

% multiplied by 2

SFG Signal (a. u.)

‘ ‘ | | ' l aThe unit of Aj is x107° m? V~! s71. W/P = water/PBMA interface;
2800 2850 2900 2950 3000 3050 3100 A/P = air/lPBMA interface; s= symmetric stretching vibration; as
o in air, experimental data asymmetric stretching vibration; Fermi Fermi resonance.

- fitting result
19| ® inwater, experimentaldata | b, sps and water, no strong peaks of thenethyl group on the PBMA
fitting result surface have been found. It is very clear that the side chain
Q methyl groups dominate all the SFG spectra of PBMA in air
and in water. Similar SFG spectra of polg-tjutyl acrylate)
multiplied by 2 (also purchased from Scientific Polymer Products Inc., spectrum
not shown) compared to those of PBMA also indicate that there
is almost no coverage of methyl groups on the PBMA surface.
Comparison of the SFG spectra of PBMA in air and in water
0] shows that when the PBMA surface contacts water, the SFG
' ‘ ‘ ‘ ‘ spectral intensity decreases and the spectral features change
2800 2850 2900 2950 3000 3050 3100 dramatically, indicating that the PBMA surface restructures in
Wavenumber (cm™) water. After the sample is removed from water, the spectra
Figure 1. SFG spectra of PBMA in air and water for (a) ssp, (b) sps recover immediately. After prolonged exposure to water, no
polarization combinations. additional spectral changes are deteégetherefore, we believe
that in water, only the ester chains on the PBMA surface
reorganize, and no apparent backbone changes occur. In the
following, we discuss the reorientation of side chains on the
PBMA surface in water through investigating the orientation
(3.11) distribution of side chain methyl groups on the PBMA surface
in air and in water.

To ensure that the Gaussian distribution is a valid approximation ~As mentioned, the orientation angle and angle distribution
for this problem, in the following sections we compare the cannot be deduced only from the ssp and sps SFG spectral

results of the Gaussian and the maximum entropy approachl intensity ratio. To deduce the orientation angle and angle
distribution of side chain methyl groups on the PBMA surface,

4. Results and Discussion we also measured the absolute SFG spectral intensity by
The ssp and sps SFG spectra of PBMA in air and in water comparing the intensity to that of known standard z-cut qufartz.
are shown in Figure 1. We have demonstrated by several Here we used 1.47 for the refractive index of PBMA and
methods that SFG spectra collected in our experimental 1.34 for water. The refractive index of the polymer/air interface
geometry come from the polymer/air or polymer/water interface, layer used was 1.24, the average value of the indices of the
with almost no contribution from the polymer bulk or polymer/ PBMA and the air. It is very close to the value calculated using
substrate interfac® Figure 1 shows that the ssp SFG spectrum formulas from the literaturé’ The refractive index used for the
in air is dominated by two peaks. The peak at 2875 tis water/polymer interface layer was 1.40, the average value of
due to the symmetric stretch of the side chain methyl group, the indices of the PBMA and the water. We neglected the
and the 2940 cmt peak is due to Fermi resonance. The 2960 frequency dependency of any of the refractive indices.
cm~1 peak dominates the ssp SFG spectrum of PBMA in water, We have fitted the SFG spectra shown in Figure 1 using the
and the sps spectra of PBMA in both air and water. This peak method described in section 3. The fitting results after decon-
comes from the asymmetric stretch of the side chain methyl voluting the instrumental resolution are shown in Table 1. Table
group. There is another peak at 2915%rm the sps spectrum 1 shows the fitting results with the fewest peaks necessary to
of PBMA in air, with much weaker intensity, due to the obtain a good overlap between the experiment spectrum and
asymmetric stretch of the methylene group. The symmetric and the fitted curve. We have tried to fit the spectra by using fewer
asymmetric stretches of the methyl group are at 2930 and  peaks, but the fitting results did not match the experimental
2990 cn1?, respectively?? In the SFG spectra of PBMA in air  spectra as well as those shown in Figure 1. However, for the
— best-fitting trials using four peaks in each spectrum, the fitting
g% ;gﬁm'i’, é‘.\]ihTmaetwoﬁ’:gjgggDilr?:r’n?czsﬁbf Liquid Crystalsuckhurst, G. results of the 2875 and 2960 cin(which will be used in the
R., Veracini, C. A., Eds.; NATO Advanced Study Institute Series C431;

Kluwer Academic Publishers: Norwell, MA, 1994. (39) Wei, X.; Hong, S. C.; Zhuang, X. W.; Goto, T.; Shen, Y.Fys. Re. E
(38) Bower, D. I.J. Polym. Sci. Polym. Phys. E#i981, 19, 93. 200Q 62, 5160.

[os]

N

SFG signal (a. u.)

As in the present case we can take into account only two
measured quantitiesgos 60and [¢os O] and we have to
truncate the expression of eq 3.10 at the second-order term:

f(6) = expla, + a, cosé + a, cos 6)

J. AM. CHEM. SOC. = VOL. 124, NO. 24, 2002 7019
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3 extremes ofy = 57° with a ¢ distribution andfy = 90° with
o=0°| | 5=10° o=23.

Now let us look at methyl groups on the PBMA surface in
air. From Figure 2 we see that the extremal orientation
distributions are & distribution with6y = 37° and a distribution
with 8 = 0° ando = 45°. Unfortunately, the measured value
of |Ayyzas/|Ayzyad I air is not very different from the magic
angle value. From Figure 2 it follows that small experimental
error may substantially affect the deduced results. In addition,
the value of|Ayy;ad is small and can be easily affected by the
measurement or spectral fitting error. Therefore, we have also
calculated the ratio oﬂx§§,)zsll Ix§,2z)yas| and used an analysis
similar to that of|Ayyzad/|Ayzyad. We managed to confirm the
above results, and thus we believe that the information deduced
about orientation angle and angle distribution is reliable.

Again, we emphasize that from the intensity ratio of ssp and
sps spectra, the parameters of the distribution function cannot
be determined uniquely. One value Myyzad/|Ayzyasl Can
correspond to different combinations 6§ and 0. However,
ranges of possible orientation angle and orientation angle
distribution have been deduced frafy;ad/|Ayzyas . Theoreti-
cally, if the absolute intensity of the SFG spectra can be
accurately measured, from its combination with the measured
spectral intensity ratio in the ssp and sps SFG spectra, both
parameters of the orientation angle distributénand o can
be deduced. We describe now how to include the absolute
spectral intensity in the calculation.

_ o _ ) We calculatedAyy;s|? for the methyl group with the help of
calculations later) are quite similar to those listed in Table 1. egs 3.2, 3.3, and 3.4 as a functiondfusing the corresponding
Here we consider that the visible input beam hasfanction o values deduced from Figure 2. In this way we took into
line shape, the input IR beam has a Lorentzian line shape with account the information already available from the ratio
a width of 6 cm* in the wavenumber range (2868100 cm) measurement during evaluation of the absolute intensity mea-
of the spectra shown in Figure 1. We fitted SFG spectra by syrement. For the calculation, we used the molecular hyperpo-
convoluting these line shapes along with egs 3.2 and 3.3. The|ayizapility components listed in refs 39 and 40. The curves
fitting also includes the ©H stretches of water molecules 0 cajcylated by using different values of surface density of methy
describe the baseline of the PBMA spectra in water above 3000grqps, as well as the measured intensities, are shown in Figures
cm* (not shown in Table 1). In Table 1, the measured second- 3 and 4 for the PBMA/air and PBMA/water interfaces,
order nonlinear susceptibility tensor components have been egpectively. As we stated, no apparent backbone change occurs
already calibrated against the reference and are expressed aghen PBMA surface contacts water. We believe that the
absolute values in S| unit§.4? . _ assumption of equal coverage of side chain methyl groups on

To explore the possible range of orientation angles and the PBMA surface in air and in water is valid. Figure 3 shows
orientation angle distribution within the assumption of a nat the possible values df; are between 5.4 1014 to 7.3 x
Gaussian distribution, we calculated the behavior of the ratio j 4 co-2, Figure 4 indicates thats should be larger than 6.8
|Ayyzasll|Ayzyad as a function oflo for certain values ob of the 104 cm2. Assuming the same surface density of methyl
distribution using eq 3.5. The resulting curves are shown in grqyps on PBMA surfaces in air and in water, we can deduce
Figure 2, along with the experimentally determined ratios (0.6 the possible range of this density from Figures 3 and 4. It is

in air and 2.4 in water). With the help of Figure 2, we can geduced to be a small range from 681014 to 7.3 x 104
determine the extremal distributions (i.e., the narrowest and the ;-2 \we will use an intermediate value 7:0 104 cm-2 in

widest).

measured result in water

o=70°

VA

measured result in air

40 60 80

0, (degree)

0 20

Figure 2. Calculated|Ayyzad/|Ayzyad Of methyl group as a function of
orientation angledy and angle distributiow.

) the following calculation. To accurately calculate the absolute
In water the measurefyyzad/|Ayzyad value is far from the — intensity of the methyl symmetric stretching peak, we have to
ratio characteristic for the magic andfetherefore, experimental  .gnsider the interference of Fermi resonance, which may

error should not affect the results too much .(se.e d_etaﬂed “borrow” intensity from the symmetric stret@.Here, we
discussion below). If we assume that the angle distribution is a ygjieve that the Fermi resonance effect would be similar for
o function, then Figure 2 give§o = 57°. If we assume that  he ggp spectra of PBMA in air and in water, and it has already
0o = 90°, the angle distribution has the largest possible value  peen accounted for in the choice of the surface density of methyl
of 23°. Actually the latter is not a practical orientation angle, gr5ups. Our choice of surface density also includes the local
since the SFG intensity should be zero. Therefore, the real a4 correction?”-2From the measured spectral intensity value

orientation angle distribution should be between the two 5.4 the calculated intensity curves ushg= 7.0 x 1014 cm2

(40) Oh-e, M.; Lvovsky, A. |.; Wei, X.; Shen, Y. R.. Chem. Phys200Q 113
8827.
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(black dots in Figures 3 and 4), the orientation angle distribution
can be obtained. The distribution functions deduced in this way
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Figure 3. Calculated values df\,y, 42 as a function of possible orientation
anglesfy and corresponding angle distribution deduced from Figure 2,

of methyl groups at the PBMA/air interface using different surface density
values.

Figure 5. Angle distributions of side chain methyl groups on the PBMA
surface in air and in water calculated with the assumption of a Gaussian
distribution.
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Figure 6. Analysis of the effect of experimental error on determination of

N=6.0 x 10" cm-2 the parameters of the Gaussian distribution function.

00— ‘ - , — e ,
60 65 70 75 80 85 90 angular distribution. On the other hand, they tend to tilt more

0, (degree) toward the surface in water, with a much narrower distribution,

indicating that the surface in water is more ordered.
Figure 4. Calculated values df\,y, 42 as a function of possible orientation Since experimental error may affect the deduced results
anglesfp and corresponding angle distribution deduced from Figure 2, ’

of methyl groups at the PBMA/water interface using different surface density fUrther analysis is necessary. Figure 6 displays_both the value
values. of |Ayyzsl2 and the ratio oflAyyzad/|Ayzyad as functions of the

orientation angledy and distribution widtho. The measured
for side chain methyl groups on the PBMA surface in air and results, the centers of two circles, are also shown in Figure 6
in water are shown in Figure 5 using the normalized distribution for the side chain methyl groups on the PBMA surface in air
population ofNg(@) = Ns f(0) sin(@). and in water. From these measured results, we have deduced
From Figure 5, it is quite clear that the side chain methyl the distributions above, which are shown in Figure 5. Figure 6
groups tend to stand up on the surface in air with a quite wide illustrates clearly how the experimental error affects our deduced
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results about the orientation distribution. The hatched area on
the left shows the possible distributiofip(and o) of methyl
groups in air for measureid\y,<> between 0.8 and 1.2 (1&

m* V=2 579), and measureA?)_J/|A? | between 0.55 and

zyas

0.65. In air, these measured experimental errors can induce some

uncertainties for the results. In water, similar experimental error
will have less effect on our deduced results. For measured
|Ayyzs2 between 0.49 and 0.69 (1 m* V~2s72), and measured
|Ayyzasl/|Ayzyasl between 2.2 and 2.6, the possible range of
distribution is very narrow, inside the right black circle. It is
too narrow to be clearly shown in Figure 6. From Figure 6, we

can see that even with these experimental errors, the conclusion

that the methyl groups in water orientate more toward the surface
and have a narrower orientation distribution would not change.
Because the spectral intensities of the SFG spectra of the
polymer/water interface are weaker, there may be more uncer-
tainties introduced by spectral fitting. Therefore, we increased
the error bars to accommodates0% error in both intensity
ratio and absolute intensity measurements of the PBMA/water
interface. The possible distributioAyando) induced by such
errors is illustrated by the hatched area on the right in Figure 6.
Figure 6 shows clearly that even including such large error bars,
our conclusions about orientation and orientation distribution
are still valid.

As we mentioned in the Introduction, we obtained some
information on how reasonable the choice of the Gaussian
distribution function can be. The maximum entropy approach

accommodates a broader range of possible functions. Therefore

we compare the resulting maximum entropy distribution with
the Gaussian function just determined. In addition, the analysis
of the effect of possible experimental error is repeated.

After measuring the absolute intensity of the symmetric
stretch band and the value [#y;adl/|Ayzyadl, @S We have done
above, we can determine the orientation angle distribution
function of the side chain methyl group. Now the characteristics
of the problem allow for direct numerical solution, instead of
the graphical deduction of the distribution described above.
Therefore, we regard the distribution again as a function of cos
6 and rewrite eq 3.4 so that the measured vq@gsis related
to the first and the third moments of the distributiffnos 6)

(see eq 3.8) hy:

12, 2 Na..J(1 + iBosel- (1 - n)icos 41
(4.1)
=5 Nyotoo. [€0sSOL + 1 — p(1 —1)]

The parametey is defined asy = [@os §dos O] which
can be obtained from the measured ratio|7gffy)zas|/|x§2z)yas|
since

[fz

‘% - 1‘ 4.2)

[GosO— [¢osS 0
[¢os 60

Xhed  |BoSO- [0S 0L ‘

Hyoyad JESS

1.8 - ~—o— Gaussian distribution
calculated by measured data
~—s— Maximum entropy distribution
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—— Maximum entropy distribution
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: intensity, and 10% error of
surface density
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Figure 7. Comparison between orientation angle distributions of side chain
methyl groups on the PBMA surface in air deduced using the Gaussian
distribution and the maximum entropy distribution, showing the extremal
maximum entropy distributions allowed by the experimental error ranges.

of the distribution function eq 3.11 can then be found as the
numerical solution of the following set of equations:

1= f_ll exp@, + ax + ayx°)dx (4.3)
[GosO= f_ll xexp@, + ax + ay)dx  (4.4)
[¢oS A= f_ll X expl, + ax + ayd)dx  (4.5)

where the substitution of= cosf was applied for convenience.
To find the numerical solution of the above set, the integrals
were evaluated using a 16-point Gaukegendre formula. The
calculated angle distribution functid(®) sin 6 for the side chain
methyl groups on the PBMA surface in air is shown in Figure
7, along with the corresponding Gaussian distribution deduced
above. The Gaussian distribution is very close to the maximum
entropy distribution, indicating that the Gaussian function is a
good approximation for the distribution function.

The effect of experimental error was evaluated by estimating
the error of thgAj|? values deduced from the measured spectra
to be+20%, and the error dfls to be +10%. In Figure 7, the
narrowest and widest possible distributions compatible with
these error ranges are also plotted. It can be seen that even with
such big error bars, the angle distribution does not vary
substantially. Figure 8 shows the orientation angle distribution

As we can see from eq 4.1, by measuring the absolute valueof side chain methyl groups on the PBMA surface in water.

of |Ayyzsl?, and inserting’ deduced from eq 4.2, we can calculate
[¢os O0and [¢os O] The unknown coefficientay, a;, anda,

7022 J. AM. CHEM. SOC. = VOL. 124, NO. 24, 2002

Similar to the air case, the angle distributions calculated by the
maximum entropy distribution and the Gaussian distribution are
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schematic representation of @distribution, which is the

—o— Gaussian distribution narrowest distribution consistent with the above given experi-
Ca|Cl:||ated by measgreq data mental error range.
12 | —=— Maximum entropy distribution Finally, we emphasize that the maximum entropy distribution

calculated by measured data
—— Maximum entropy distribution
calculated with 20% error of

in the present three-parameter form (eq 3.11) as well as the
Gaussian distribution are only approximations to the real

intensity, and 10% error of distribution function. As the results deduced from these two
surface density functions are quite similar, we believe both of them are
9 1 reasonable estimations of the real distribution. According to eq

3.10, however, including the cubic term in c®@snay improve
the approximation. It can be done by directly measuiitmg

00 when possible, in addition ti@os #0and [¢os #ldeduced
from SFG measurements.

Population

5. Conclusions

Molecular surface structures of PBMA in air and in water
have been studied by SFG. In water, the PBMA surface becomes
more ordered, evidenced by a narrower angular distribution of
the surface side chain methyl groups. These side chain methyl
groups tilt more toward the surface in water, while in air they
tend to stand up. The orientation angle distribution of side chain
methyl groups is deduced from the intensity ratio of ssp and
sps SFG spectra and from the absolute ssp SFG spectral
intensity. Two distribution functions, a Gaussian distribution

| I : and a maximum entropy distribution, have been applied to
0 40 80 120 160 calculate the angle distribution. Calculated results from the two
Ang|e (degree) functions are similar, indicating that the Gaussian distribution

) i ) ) o ) __is a good approximation for the orientation angle distribution.
Figure 8. Comparison between orientation angle distributions of side chain
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quite similar. The effect of experimental error on the measured
angle distribution has been analyzed following the PBMA
surface in air, and the resulting distributions are also plotted in
Figure 8. The narrowest distribution in the figure is just a JA012387R
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