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Abstract: We report the successful application of SFG to detect segregation of end groups on polymer surfaces.
Two groups of polymer samples are studied: one is polyurethane with different surface-modified end groups,
the other is poly(ethylene glycol) (PEG) with different end groups. For each group of polymers, both hydrophobic
and hydrophilic end groups are chosen. With the surface sensitivity of SFG, we have found that hydrophobic
end groups [e.g., methoxy on PEG or poly(dimethylsiloxane) (PDMS) on polyurethane] tend to segregate to
the polymer surface in air. However, the hydrophilic end groups (e.g., hydroxyl group on PEG or PEG on
polyurethane) remain in the bulk so that the surfaces that are exposed to air are covered by the polymer
backbones. Although contact-angle measurements and XPS results can demonstrate that polymer surfaces indeed
have been modified by different end groups, only SFG can show the surface structure at the molecular level.

1. Introduction surface selectivity, so that the resulting spectra are often
. obscured by bulk contribution. Contact angle measurefhent,
1A. SFG: a Powerful Technlque to St.udy Polymer neutron reflectiod, and X-ray photoelectron spectroscopy
Surfaces.Many of the chemical and mechanical properties of (v pgg are surface sensitive, but they often do not provide
polymers, SUCh. as wet_tablh_ty, friction, I_ut_)l_rlcny, wearab_|l_|ty, structural information, and/or do not allow in-situ measurement.
chemical reactivity, biological compatibility, permeability, Recently, IR+ visible sum-frequency generation (SFG)

charge storage capacity, and electrical response, can be COrg;p ational spectroscopy has been developed into a surface-

related with their molecular surface structure and compositfon.
To control surface properties by manipulating surface structure,

one must have an extensive database of detailed correlationg
between properties and structures of the polymer surfaces of

interest. However, very little work has been reported on such
structure-property correlations due to the lack of probe
techniques capable of studying polymer surface structure.

specific spectroscopic tool having monolayer sensitivity and has
been successfully applied to various kinds of surfaces and
nterface 11 SFG is a powerful and versatile in situ surface

probe, which not only permits identification of surface molecular

species but also provides information about orientation of
functional groups at the surface. SFG has all of the common
advantages of laser techniques, namely, it is nondestructive,

Ideally, polymer probe techniques must be sensitive t0 pighly sensitive, and has good spatial, temporal, and spectral
molecular features such as conformational sequences angego|ution.

hydrogen bonding. Because changes in these features are defined |, this paper, the successful application of SFG to detect
by subtle differences in the energy levels of the structures, highly segregation of end groups on polymer surfaces is reported. Two
sensitive valence band or vibrational spectra are needed forgroups of polymer samples are studied: one is polyurethane
characterization. Various spectroscopic techniques, such asyjih different surface modifying end groups, the other is poly-
reflection infrared spectroscopy, attenuated total reflection (ethylene glycol) (PEG) with different end groups. For each
infrared spectroscopy, and Raman spectroséoppave been group of polymers, both hydrophobic and hydrophilic end
used to characterize polymer surfaces. However, these tools lacky,oups were chosen. Using SFG, we found that hydrophobic
end groups [e.g., methoxy on PEG or poly(dimethylsiloxane)
(PDMS) on polyurethane] tend to partition to the polymer
surface in air. However, the hydrophilic end groups (e.g.,
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hydroxyl group on PEG or PEG on polyurethane) remain in level information. The SFG data will show evidence on a
the bulk, so that the surfaces are covered by the polymer molecular level of enthalpic attracted end group segregation on
backbones. Although contact angle measurements and XPShe surface.

results can demonstrate that polymer surfaces, indeed, have been

modified by different end groups, SFG can show the surface 2. Experimental Section

structure at Fhe mqlecular level. . 2A. SFG Setup.In an SFG experiment, a pulsed visible laser beam
1B. Functionalizing End Groups: an Effective Method (frequencywis) is overlapped on a surface with a tunable, pulsed IR
to Tailor Polymer Surface Properties. With the surge of  |aser beam (frequeney,) and the light emitted by the nonlinear process
polymer applications in the biomedical field, design and at the sum frequencyysum= @ vis + i, is detected by a photomul-
synthesis of new materials with biocompatible surfaces have tiplier. The intensity of the light atsum is proportional to the square
become an important part of academic and industrial research.of the second-order susceptibility?, of the surfacey? vanishes for a
Polyurethanes have been used for a number of blood-contactingnaterial with inversion symmetry, so that bulk materials usually do

applications due to their favorable tensile and fatigue proper- NOt generate sum frequency outpyt.is nonzero for a surface (or
ties1213To develop polyurethanes with surfaces that will not interface) because surface molecules lack inversion symmetry. A plot

activate blood coagulation, a novel method of modifyin of SFG intensities vs the frequency of the IR laser shows the vibrational
| ¢ 9 . T h he sianifi dificati 9 spectrum of the surface molecules. Orientation of surface molecules
polymer surface properties without the significant modification 54 heen determined by using different polarization combinations of

of bulk properties has been developédhe method, which is outgoing and input bean?§. The SFG experimental setup in this lab
accomplished during synthesis, appends to polymer moleculeshas been described in detil.

certain monofunctional surface-active end (SME) groups. A In this experiment, sum-frequency (SF) spectra were obtained by
series of polyurethanes (BioSpan) containing a range of chemicaloverlapping a visible and a tunable IR beam on a polymer surface at
structures and/or functional groups are prepared by coupling incident angles of 45and 50, respectively. The visible beam at 532
end groups to the backbone of a polyurethane via a terminal "m was generated by frequency-doubling the fundamental output pulses
isocyanate group during initial synthesis of the polyurethane. of 20 ps pulse width from a Continuum Nd:YAG laser. The IR b_eam,
The SME groups occupy the termini of linear polyurethanes tUnable from 2500 to 3600 crh was generated from an opical
and are, therefore, more mobile than the backbone groups. Th arametric generation/amplification system based on LiNtr§stals.

f fivit f | h . trolled b ful he sum-frequency signal from the polymer surface was collected by
surlace activity of polyurethanes IS controlle y carefu a photomultiplier tube and processed using boxcar/averager. The surface

selection of the surface active groups that are used. vibrational spectra were obtained by measuring the SF signal as a
PEG is widely used in several areas of medicine and function of the input IR frequency. In this work, only results with the
biological sciencé® Surface modifications with PEG to provide  ssp (for s-polarized SF output, s-polarized visible input, and p-polarized
protein and cell rejecting properties is the focus of much infrared input) and sps polarization combination are reported. All spectra

research® 18 The PEG polymers are widely available with were collected at 300 K in air.

different kinds of end groups, but their surfaces have not been 2B. Sample Preparation.The biopolymers BioSpan (BN), Bio-

widely studied. Span-S (BS), and BioSpan-P (BP) were syn_thesized by The Polymer
End groups can dramatically affect the polymer surface, so ' echnology Group, Inc., of Berkeley, CaliforrifaBS (MW = 65 000)

that the surface has a completely different composition from is a polyurethane which is based on methylene diisocyanate with mixed

. . - diamine chain extenders of ethylenediamine and 1,3-cyclohexanedi-
the bulk. The entropically driven end-group attraction to the amine, and polytetramethyleneoxide (PTMO) that are capped with

surface has been studied theoretic#tly! Recent experimental  ppms end groups that exhibit thrombo-resistance properties. BN is
investigations by neutron reflecti&tand static second-ion mass  the polyurethane backbone of BS. BP is a similar biopolymer with the
spectrometr3? have shown a slight preference for chain-ends same BN polyurethane as the backbone but with PEG as end groups.
at the surface. Enthalpic attractive, or depletion of, end groups Except for the film-thickness-dependent study, all the BS, BP, and BN
on surfaces has also been widely studied on different polymer polymer films were prepared by casting the polymers from their 2 wt
surfaces, such as polystyrene, PDMS, and PEG, by different% N, N-dimethylacetamide (DMAC) solutions onto flat quartz sub-
methods, such as surface tension measurements, XPS, angtrates. BS films with different thickness were prepared by solvent

neutron reflectio?*25 These methods cannot provide molecular €2Sting BS/DMAC solutions with different concentrations (852wt
P %). Then the films were dried in air at 6& for 24 h. The molecular

(12) Lelah, M. D.; Cooper, S. LPolyurethanes in MedicineCRC formulas are shown in Figure 1a.
Press: Boca Raton, 1986. ) Both high-molecular-weight\, = 2000, solid thin films) and low-
(13) Yoda, R.J. Biomater. Sci. Polymer EA998 9, 561-626. molecular-weight (206400, liquid) PEG samples were used in this

(14) Ward, R. S.; White, K. A. U.S. Patent 5,589, 563. A .
(15) Poly(ethylene glycol) Chemistry and Biological ApplicatioHsris, study (Molecular formulas are shown in Figure 1b). The PEG diol,
J. M., Zalipsky, S. Eds.; ACS Symposium Series 680; American Chemical PEG methyl ether, and PEG dimethyl ether were purchased from

Society: Washington, D. C., 1997. Aldrich. The high-molecular-weight PEG films are made by CHCI
(16) Sofia, S. J.; Premnath, V.; Merrill, E. Vlacromolecules1 998 solvent casting on the quartz surface or by melting the sample between

31, 5059-5070. ) ] two close contacted quartz plates then taking them apart. The SFG

501(117$;9,\§a2"(])125,t6538’7y5';17E.m0t0' K.; VanAlstine, J. M. Colloid Interface  gpectra were taken at the PEG films/air interfaces and no difference
(18) McPherson, T.: Kidane, A.: Szleifer, I.; Park, Kangmuir 1998 can be detect_ed on the same polymer surfaces_prepared by the two

14, 176-186. methods mentioned above. This shows that PEG film surface structures
(19) Theodorou, D. NMacromolecules1988 21, 1400-1410. are independent of these two preparation methods. SFG spectra of low-
(20) Hariharan, A.; Kumar, S. K.; Russell T. Macromolecules.99Q molecular-weight samples were taken at liquid/air interfaces.

23, 3584-3592. To prove that SFG signals come from the top layer of the solid PEG

11%1) Cifra P.; Nies, E.; Karaz, F. Blacromoleculed994 27, 1166- films, PEG diol M, = 2000) films with different thicknesses were

(22) Zhao, W.; Zhao, X.; Rafailovich, M. H.; Sokolov, J.; Composto, prepared by spin-coating PEG diol/CHGolution onto quartz sub-
R. J.: Smith, S. D.: Satkowski, M.: Russell, T. P.; Dozier, W. D.; Mansfield, Strates. The film thicknesses were controlled by the solution concentra-

T. Macromolecules1993 26, 561-562. tion and the spin speed. To measure the film thickness, a scratch was
(23) Affrossman, S.; Hartshorne, M.; Jerome, R.; Pethrick, R. A,;

Petitjean, S.; Rei Vilar, MMacromolecules993 26, 6251-6254. (26) Guyot-Sionnest, P.; Hunt, J. H.; Shen, Y.HRys. Re. Lett. 1987,
(24) Dee, G. T.; Sauer, B..BAdv. Phys 1998 47, 161—205. 59, 15971600.

(25) Jalbert, C.; Koberstein, J. T.; Yilgor, |.; Gallagher, P.; Krukonis, (27) Zhang, D.; Ward, R. S.; Shen, Y. R.; Somorjai, GJAPhys. Chem.
V. Macromolecules993 26, 3069-3074. 1997 101, 9060-9064.
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Figure 1. (a) Molecular formulas for BioSpan polymers. (b) Molecular formulas for poly(ethylene glycol).
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Figure 2. Attenuated total-reflection infrared spectra of different
BioSpans.

the symmetric CHl stretch and the overtones of @Hending
modes?® The IR peak at 2787 cnt can be attributed to the
symmetric stretch of Chithat is connected to an oxygen atom
of the carbamate group (NCO®)The bulk compositions of
these three samples are very similar, because the end groups
(PDMS and PEG, respectively) of BS and BP are only 3 wt %.
The surface sensitivity of-15 um of the ATR-IR technique is
not sufficient to detect segregations PDMS or PEG on BS or
BP surfaces. The ATR-IR spectra are still dominated by the
bulk contributions; thus, all of the three spectra are identical.
Figure 3 shows the SFG spectra of polytetramethyleneoxide
(PTMO, the soft segment of the BN backbone), BN (the
backbone only), PDMS (the end group of BS), and BS. The
spectrum of BN is not very different from PTMO, which
indicates that the BN surface is covered by the PTMO soft
segments. The BS spectrum is very different from that of BN,
which show that the surface structure of BS is very different.
The strong~2915 cn1?! peak in the SFG spectrum of PDMS
is from the C-H symmetric stretch of SiCH3.3° The BS also
has this strong peak, which shows that the hydrophobic PDMS
end groups cover the surface of BS. The BS surface is not
completely covered by PDMS, because the 2850'dmackbone
peak is also present. Although there is only 3 wt % PDMS in
the BS, it segregates to the BS surface and can be detected by
SFG. Different water contact angles of 2004°, and 75 for
PDMS (end group of BS), BS, and BN (backbone of BS)
surfaces indicate that a small amount (3 wt %) of PDMS end
groups can segregate at the BS surface due to their lower surface
tensior?” XPS results also showed surface enrichment of PDMS
in BS3! Figure 4b shows the sps spectra of BS. The peak at

made in the film. The depth of the scratch was measured using a ~2965 cnt! is the asymmetric €H stretch of S+CHa. The

commercial Park Scientific M5 AFM.

3. Results and Discussions

3A. BioSpan SurfacesAttenuated total reflection infrared
(ATR-IR) spectra of BS, BP, and BN (Figure 2) in the-8
stretching region are essentially identical. The peaks2850
and~2920 cm! are the symmetric and asymmetric stretches
of aliphatic CH groups, respectively. The 2940 cnt! peak

peak at~2950 cn1? in the ssp SFG spectrum of BS (Figure
4a) is the overlap of Fermi resonance and theHzasymmetric
of Si—CHjs. The intensity ratio of the symmetric stretch peak

(28) Snyder, R. G.; Strauss, H. L.; Elliger, C. A.Phys. Chem1982
86, 5145-5150.

(29) Colthup, N. B.; Daly, L. HlIntroduction to Infrared and Raman
SpectroscopyAcademic Press: New York, 1994.

(30) Aldrich FTIR Spectrum Handbook; Aldrich Chemical Co.: Mil-
waukee, WI, 1996; Vol. I, p 1103D.

(31) Wen, J.; Somorjai, G. A,; Lim, F.; Ward, R. Slacromolecules

is Fermi resonance, which comes from the interaction between 1997 30, 7206-7213.
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of the PEG spectrum, see the discussion of PEG (below); the
C—H stretch of OCH should be around 2865 crh which is

not detected on the BP surface here], which shows that the
surface is covered by the BN backbone only. The peak at 2920
cm! in Figure 5c is the asymmetric GHstretch of the
backbone, not the €H stretch of Si-CH3 (~2915 cnt?). This

is suggested by the sps spectrum of BP (Figure 6b). If this peak
is from the C-H stretch of Si-CHs, then in the sps spectrum,
the asymmetric €H stretch peak of SiCHj; should appear
around 2965 cmt. This is not the case. No peak around 2965
cm~1 can be seen in Figure 6b.

SFG results show that at the molecular level, hydrophobic
PDMS can aggregate on the BS surface. But the hydrophilic
PEG end groups remain in the BP bulk and the surface is
covered by the more hydrophobic backbone.

3B. PEG Surfaces.Figure 7 shows the FTIR transmission
spectra of high-molecular-weight PEG samples. All of these
spectra are identical and very similar to the published redtilts.
The amount of end groups is3 wt %. These differences of
bulk compositions of different PEG samples cannot be detected
by their IR spectra.

The different surface tensions (42.9 and 37.1 dyn/cm,
respectively3® of poly(ethylene glycol) diol and poly(ethylene
glycol) dimethyl ether show that hydrophilic hydroxyl and
hydrophobic methoxy affect the surface structures. The different
surface structures can be detected by SFG at the molecular level.

The SFG spectra of different PEG solid films are markedly

in ssp (s-polarized sum-frequency signal, s-polarized visible different, which shows that the surfaces of PEG polymers with
input, and p-polarized IR input, Figure 4a) and sps (Figure 4b) different end groups are distinct. The SFG spectrum of PEG

spectra showed that the tilt angle betweerGHs; and surface
normal is 354 5°.26

The ssp SFG spectrum of BP (Figure 5c) is similar to that of
BN (BP’s backbone, Figure 5a), and no hydrophilic PEG end

diol in Figure 8a shows the strong-E& symmetric stretch peak

(32) Miyazawa, T.; Fukushima, K.; Ideguchi, ¥. Chem. Phys1962
37, 2764-2776.
(33) Shafrin, E. G. InPolymer Handbook 2nd ed.; Brandrup, J.,

groups (Figure 5b) can be detected on the surface [for detailsimmergut, E. H., Eds.; WileyInterscience: New York, 1975.
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_1)

of OCH, at 2865 cm! 32 No O—H stretch signal can be
detected in the frequency range 36&B00 cnt? (not shown),
which indicates that the surface is covered by the backbone.backbone covers the rest. No hydrophilic hydroxyl end groups
The surface spectrum (Figure 8b) of PEG methyl ether has two can be detected on the surface. The strong peak at 2828 cm
strong peaks. The stronger peak at 2820ismdue to the GH on the PEG dimethyl ether surface (Figure 8c) shows that the
symmetric stretch of the OGHeNnd group, and the peak at 2865 surface coverage of the hydrophobic O£#hd group is even
cmtis due to the backbone. This shows that the hydrophobic higher. The peak at 2865 cthdue to the backbone is much
methoxy end group covers a fraction of the surface, and the weaker. As mentioned before, the hydrophobic methoxy end
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Figure 10. FTIR transmission spectra and SFG Spectra of PEG diol Figure 11. FTIR transmission spectra and SFG Spectra of BS with
samples with different thicknesses. different thicknesses.

group tends to partition to the surface, due to the lower surface contribution to SFG in reflection in the-H stretch range from
tension33 polymers containing Cligroups should be negligible.

The SFG spectra of low-molecular-weight PEG with different ~ We have also carried out measurements to show that our SFG
end groups are also markedly different from each other (Figure study is surface-specific. Figure 10 displays the FTIR transmis-
9), but for each sample with the same end group, the spectrumsion spectra and SFG reflection spectra of PEG diigl< 2000)
is similar to the high-molecular-weight PEG. Figure 9a,b shows films of different thickness (116 8, 535+ 16, and 730t 17
that the PEG diol surfaces are covered by the backbone; nonm). The FTIR peak intensity varies significantly and correlates
hydrophilic OH groups can be detected by SFG. The surface well with thickness. The SFG spectra, on the other hand, exhibit
of PEG methyl ether (Figure 9c) is covered by hydrophobic only a small variation with sample thickness, which presumably
methoxy end groups and the backbone. Surface coverage of thés due to the uncontrollable variation of the polymer surface
methoxy end group is even higher on the PEG dimethyl ether structure. These results clearly indicate that the SFG spectra
surface (Figure 9d). The weight percent of end groups of PEG originate mainly from the air/PEG diol interface. The same
is smaller in high-molecular-weight samples. By comparing conclusion applies to the BS films. As shown in Figure 11, the
Figure 9c with 8b, and 9d with 8c, one sees that the SFG FTIR spectra for three BS films are very different, but the
intensity ratios of the methoxy end groups to the backbone for corresponding SFG spectra are very close. The latter, therefore,
higher-molecular-weight samples are larger. A possible explana-must come mainly from the air/BS interface.
tion is that more hydrophobic methoxy end groups segregate .
to the high-MW PEG surface, despite their smaller bulk 4 Conclusions
concentrations. At room temperature, the high-molecular-weight  The small amount of hydrophobic end groups with lower
samples are solid, and the low-molecular-weight samples aresurface tensions tend to segregate to the polyragrinterface
liquid. The solid surface is more ordered and lower surface and can be detected by SFG at the molecular level. SFG spectra
energy hydrophobic end groups segregate more on the surfacealso show that hydrophilic end groups are in the bulk and that

3C. Surface Sensitivity of SFG.The surface specificity of  the polymer surface is covered by the polymer backbone. SFG
SFG in reflection from a medium with inversion symmetry arises studies of polymer films with different thickness show that SFG
from symmetry breaking at the surfat@! This is also the case  spectra come from the surface.
for polymers. Defects and microscopic inhomogeneities in a
polymer bulk may have local lack of inversion symmetry, but ~ Acknowledgment. This work was supported by the Director,
their random distribution preserves the macroscopic inversion Office of Energy Research, Office of Basic Energy Sciences,
symmetry, which then forbids SFG in the bulk. Experimentally, Materials Sciences Division of the U.S. Department of Energy.

Xing et al. in a recent wo@ showed explicitly that the bulk ~ We would like to thank Dr. Robert G. Snyder for his help in
interpreting the PEG spectra.
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