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ABSTRACT: The interfacial conformational behaviors or structure of liquid poly(ethylene glycol)s (PEGs) with
different end groups in contact with solid polymers of different hydrophobicities were investigated by sum frequency
generation (SFG) vibrational spectroscopy. The solids at the interface included deuterated poly(methyl methacrylate)
(d-PMMA), deuterated polystyrene (d-PS), deuterated polyethylene (d-PE), and a fluorinated polymer AF-2400;
the liquids were poly(ethylene glycol) diol (PEGD), poly(ethylene glycol) methyl ether (PEGME), and poly-
(ethylene glycol) dimethyl ether (PEGDME). For comparison purposes, SFG has also been used to study PEG
surfaces in air and in contact with fused silica. Depending on the hydrophobicity of the solid polymer, the hydroxyl
O—H and methoxy OCklend groups and ethoxy OGHackbone groups of the liquid PEGs exhibited different
interfacial behavior, which can be correlated to molecular interactions at these interfaces. The favorable interaction
between the hydrophobic solids and the hydrophobic functional groups of the liquid PEGs causes tren@®CH
groups, and to some extent the OCgtoups of the backbone, to become strongly ordered at the solid polymer/
liquid polymer interface. We have shown that the end groups of the liquid PEGs, although comprising a small
proportion of the total molecule, actually can dominate the interfacial behavior of the liquid polymer.

Introduction by interfacial structures. Here, we will apply a nonlinear optical
vibrational spectroscopy, sum frequency generation (SFG)
vibrational spectroscopy, to study interfacial structures of PEGs
with various end groups while they contact a variety of solid
polymer materials.

Recently, SFG has been developed into a powerful surface
and interface characterization technique that can provide in-
situ information about surface and interfacial functional group

Because of the widening role of polymers in various
applications in chemistry, materials science, medical science,
and engineering, the demand for effective methods to elucidate
interfacial behavior of solid and liquid polymers can only be
expected to increase. Liquid polymers are important for many
applications including cleaning, wetting, lubrication, separations,
and emulsification. Many physical and chemical properties . ; . ) 3
relevant to these applications depend on the surface or interfaciaCOVeérage and_ orientation at various mterfa%;‘bé._ It can be
properties of the liquid polymers3 It is therefore important used t9 éxamine m°|ECUI6.“ structures of bur!ed mterches Sl.JCh
to distinguish between the surface or interfacial properties of as so_lld/I|qU|_d interfaces in situ. Mor_e details regar(_jlng this
the liquid polymer from the properties of the bulk. Effective techmque_ will be shown b_elow._ln this study, we will stuqu
methods must be developed to elucidate the surface/interfacd"€€ liquid PEG polymers including poly(ethylene glycol) diol
structures and properties that govern their behavior. In recent(PEGD)' poly(ethyleng glycol) methyl ether (PEGME)' a.nd
years, extensive research has been devoted to develop powerfJPOly(ethyler_]e glycol) dlme_thyl et_her (PEGDME) in contact with
analytical techniques to elucidate molecular surface/interface several solid polymers, including poly(methyl methacr_y late)
structures, but many of these techniques still have some (PMMA), polystyrene (PS), polyethylene (PE), and a fluorinated
limitations. For example, some particle scattering techniques polymer (AF-2400). Moleculqr formulas for PEGD.’ PEGME,
may be surface-sensitive and can provide important structuraland P_EGDME are shown in Table 1. To avoid spectral
information on surfaces in a vacuum but, because they requireconfus'on’ deuterated PMMA (d-PMMA), deutgrated PS (d-
high vacuum, they cannot be applied to studies of interfaces PS), and deuterated PE (d-PE) are used. Previously, SFG has

involving liquids. Various optical spectroscopic characterization been applied to study surface structures of PEG with different

techniques, such as Raman spectroscopy, infrared, and atteny€"d_9roups in aif! interactions of oligo(ethylene glycol)

ated total reflection infrared spectroscopy, have been appliedte”‘r_“nmecj sg!_)f-zfétslé)ss(r;r}bled mono:caytzgrs W'lth dlffere_nrt1 g\égmal
to polymer surface studies, and excellent results have been€hVvironments,” water interiaces, polymers wit

obtained!® but they lack sufficient surface specificity to discern as side cha;nsség(wadiorptlo? behag!o(rjqf a (}om_plound in the
surface structure from bulk structure at the submonolayer level, PF€S€Nce o -We have alsa studied interfacia’ structures

Polyethers such as variants of poly(ethylene glycol) (PEG) of PEG and poly(propylene glycol) (PPG) at various buried

. 0 , :
are an example of a class of materials with important interfacial interface ?3 well as interfacial structures of PE@PG.
713 . . . copolymersi! Here we demonstrate that SFG can provide
properties. ™ To achieve in-depth understanding of such molecular level information about interactions between the liquid
interfacial properties, it is necessary to examine the interfacial d

structures in detail because interfacial properties are mediatedpEG back.bo.ne_or. end groups a}nd various solid polymers at
buried solid/liquid interfaces in situ.
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Scheme 1. Schematic of the Experimental Geometty of both beams at the surface are about 60 In this paper SFG
_ spectra with ssp (s-polarized SFG output, s-polarized visible input,
Air Fused silica and p-polarized IR input) polarization combination will be collected

from the buried solid contacting media/PEG liquid interfaces. SFG

Solid spectra will also be collected from the PEG liquid surface in air. A

— PEG -« polymer . - . )

°EC schematic of the sample geometry is shown in Scheme 1. Since

liquid the polymers are deuterated or fluorinated, they do not absorb IR
aLeft: SFG spectra can be collected from the PEG surfaces in air; in the C-H/O—H stretching frequency range.

right: SFG spectra can be collected from the solid contacting media/ Contact Angle Measurement. Water contact angles of the

PEG interfaces. For the fused silica/PEG interfaces, there are no polymermolymer films were measured by a contact angle goniometer from
films between the fused silica and PEG. KSV.

and decalin (98% pure) were purchased from Aldrich; d-PS (MW Results and Discussion
207 500) and d-PMMA (MW 219 000) were purchased from
Polymer Source, Inc.; AF-2400 (1% solution) and FC-75 (a
fluorinated solvent) were ordered from DuPont and 3M, respec-

Previous SFG studies on surface structures of PEGD,
PEGME, and PEGDME in air indicate that hydrophobic groups

tively. Fused silica windows (1 in. diameté¥s in. thick) were prefer to segregate to the surface because air is a hydrophobic
purchased from ESCO Products, Inc. for use as IR-transparentmedium?# Hydrophobic groups on the surface have favorable
substrates for the solid polymer films. interactions with air. Therefore, for the PEGD surface in air,

Thin films of d-PS and d-PMMA were prepared by spin-casting the OCH backbone groups were detected because they are more
the respective 2 wt% solutions (in toluene) at 3000 rpm for 30 s hydrophobic than the end -€H groups. For the PEGDME
onto fused silica Sl_Jbs_trates which were sub_sequently oven-dried atsurface in air, the end OGHjroups dominate because they are
80 °C for 12 h. Thin films of d-PE were spin-cast foa 1 wt%  more hydrophobic than the OGHHackbone groups. The surface
solution in decalin at 2000 rpm and oven-dried at"&Dfor 12 h. structure of PEGME is intermediate to PEGD and PEGDME.
Thin AF-2400 films were prepared by spin-casting the AF-2400 In this research we would like to study buried interfaces of these

solution (diluted to 0.5% by FC-75) at 2500 rpm for 30 s onto . . . ;
fused silica substrates, which were then heated to°85€or 30 three PEG materials when they are in contact with solid

min. For each run, several drops of the polymer solutions were Polymers with different hydrophobicities.
used in the spin-coating process. As mentioned, d-PMMA, d-PS, d-PE, and AF-2400 are used
SFG.SFG is a process in which two input beams at frequencies as solid polymer contacting materials in this research. Contact
w1 and w, mix in a medium and generate an output beam at the angle measurements were performed, and the water contact
sum frequencyw = w1 + w2131 As a second-order nonlinear  angles of d-PMMA, d-PS, d-PE, and AF2400 were measured
optical process, it is only allowed, under the electric-dipole to pe 72, 91°, 11¢°, and 122, respectively. The hydrophobicity
approximation, in media without inversion symmetry. At surfaces \5ries for these four polymers, increasing from d-PMMA to
or interfaces where the inversion symmetry of the bulk is broken 4 bs t9 d.PE and to AF-2400. That is to say, the d-PMMA

an SFG signal is generated. Both experimental evidence and . . .
calculations show that SFG is submonolayer surface sensitive. Forf];g?;;h(')%izhe least hydrophobic, and AF-2400 is the most

IR—visible SFG, the IR input beamy;, is tunable and thus can
produce the vibrational spectra of the surface species. It has been The three liquid polymers (PEGD, PEGME, PEGDME) were
demonstrated that SFG can elucidate molecular structural informa-brought into contact with the four different solid polymers. SFG
tion on surfaces and interfaces. For example, the development ofspectra were collected from the buried PEG (liquid)/solid
hydrogen bonds can be detected by peak shifts of certain functionalpolymer interfaces in situ. As mentioned, all SFG spectra in
groupsi?*while the formation of chemical bonds can be deduced  thjs experiment were collected by the ssp polarization combina-
from the appearance of new vibrational modes and disappearancgjon, of input and output laser beams. The peak assignments have

of existing modes in the SFG spectra. The alignment, orientation, been discussed in detail in previously published regéifd.in

orientation distribution, and ordering of surface functional groups this research. we will focus on the svmmetric Stretch.of the
can be deduced by examining SFG spectra collected using different ’ ymm
polarization combinations of input and output beams and the OCHe backbone groups and the symmetric stretch of the end

absolute peak intensities. The interdiffusion of functional groups OCHs groups. As mentioned, the solid contacting polymers were
at the interface can be monitored by the gradual disappearance ofither deuterated or fluorinated materials; therefore, they have
the entire SFG spectra, and the kinetics of diffusion can then be no SFG-active modes that would cause spectral confusion with
measured by following the time-dependent SFG spectral intensity the PEG liquids in the €H or O—H stretching regions. For
changes of samples of different thicknéés. comparison purposes, we also collected SFG spectra from the
Two SFG systems are available in our lab. Each setup is surfaces of the three PEG materials in air. In addition, we studied
comprised of four components: a picosecond Nd:YAG laser, a their interfacial structures while in contact with bare fused silica
harmonics unit with two KD*P crystals, an optical parametric ¢ hoirates. A clean fused silica surface is very hydrophilic (much

generation (OPG)/optical parametric amplification (OPA) and - .
difference frequency generation (DFG) system, and a detection more hydrophilic than PMMA), ahd water can easily spread
system. The visible beam is generated by frequency-doubling the V€' the surface. As expected, in our experiments, no SFG
fundamental output pulses, of 20 ps pulse width, from the laser. Signals in the €&H stretching region were detected on the
The IR beam can be tuned from 650 to 4300-&riL5.4 to 2.3 d-PMMA, d-PS, d-PE, AF-2400, or fused silica surfaces,
um). The incident angles of the visible and the IR input beams are showing that there was no-@4 contamination on these
60° and 524 vs the surface normal, respectively, and the diameters contacting media.

Table 1. Molecular Structure of PEGD, PEGME, and PEGDME

molar ratio
end formula name MW (O)CHO)CH, (O)H/(O)CH,
OH H(OCH,CHy),OH PEGD 250 0 0.19
OH, OCH; CH3(OCH,CH,),OH PEGME 350 0.07 0.07
OCH;z CHs(OCH,CH,),OCH; PEGDME 200 0.29 0

Ccbv
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Figure 1. From bottom to top in order of increasing polymer Figure 2. From bottom to top in order of increasing polymer
hydrophobicity: SFG spectra of PEGD in contact with (a) d-PMMA,  hydrophobicity: SFG spectra of PEGME in contact with (a) d-PMMA,
(b) d-PS, (c) d-PE, (d) AF-2400, and (e) air. (b) d-PS, (c) d-PE, (d) AF2400, and (e) air.

Results of PEGD.SFG spectra collected from various solid  due to the fact that the PEGD molecules are more disordered
polymer/PEGD interfaces and the PEGD surface in air are when they are in contact with a less hydrophobic surface. No
shown in Figure 1. The SFG spectrum we collected from the 0—H stretching signals have been detected from the PEGD/
PEGD/air interface is very similar to the published result (Figure pPMMA interface because either-H groups do not segregate
1e)?* The dominant peak of this spectrum at 2860 ¢éns to the interface or they are disordered or more or less lie down
caused by the OCjsymmetric stretch of the backbofeNo at the interface.

S|gr_1al IS seen for the hydroxyl end groups. (ThetDstretching As we mentioned above, fused silica is more hydrophilic than
region is not shown in the spectrum, but there was no detec’[abIed_F,MIv|A We were unable to detect SFG signals from any PEG
f’gfai'ggfil'r)]j%rgged teo otheor poh{”ﬁzzt\gggrkgg; (t)rr::nta- materials while in contact with fused silica; therefore, SFG

I ignal ity (e.9., polyputy y ’ spectra collected from all the PEG/fused silica interfaces are

strong SFG symmetric signals show that the PEGD @CH not shown in this paper. For the PEGD case, we believe that
groups are quite ordered on the surface, and they more or less

orient toward the surface normal. We have shown previously ither the OCH functional groups do not segregate to the

that the CH groups in the backbone of a silane molecule can interface or they must be quite disordered at the interface. No
-1 groups In th ; ! u SFG O-H stretching signals were detected because either they
also dominate the PS/silane interfé&ge.

When in contact with the solid polymers (Figure-idy, the are diso_rdered at the interface or they_lie down on. the_surface.
PEGD backbone peaks remain visible, but they change in Thg dlfferentSFG speptrg of PEGD!n contqct with Q|fferent
relative intensity depending on the interfacial interactions chemical environments indicate that dlfferent |n'.[erfa.C|aI struc-
between the respective materials. The spectrum of the PEGD/tUres of PEGD are adopted at various buried interfaces.
AF-2400 interface (Figure 1d) is dominated by the QCH Generally speaking, on hy_drop_hoblc surfaces PI_E_G_D is more
symmetric stretching peak, strongly resembling the spectrum or.dered., and on surfaces with dlﬁe(ent hydrophobicities, @CH
of the PEGD/air interface (Figure 1e). As mentioned, air is a onenta.tlons'can be altered. The dlffere.nt s'tructures of PEGD
very hydrophobic environment, and AF-2400 is also very at various mt_erfaces are due to their different molecular
hydrophobic, in fact, the most hydrophobic material among the interactions with the different surfaces.
four solid polymers investigated here. Therefore, as with air, Results of PEGME.SFG spectra collected from various solid
the OCH groups at the PEGD/AF-2400 interface also orient polymer/PEGME interfaces and the PEGME surface in air are
toward the surface normal. shown in Figure 2. The SFG spectrum we collected from the

The SFG spectra collected from the PEGD/d-PE and PEGD/ PEGME/air interface is also very similar to the previously
d-PS interfaces are similar to each other (Figure 1b,c), but arepublished result (Figure 2&jThe spectrum shows a strong peak
somewhat different from those collected from PEGD in air and at 2815 cm? corresponding to the symmetric Ogktretch of
the PEGD/AF-2400 interface. The OgBymmetric signals at  the single methoxy end group of the molecule. As with the
2860 cnr! can still be detected, but the OGHermi resonance PEGD, the same peaks for the Fermi resonance and the, OCH
peaks also exhibit very strong intensities, showing that PEG symmetric stretching peak can still be found, especially the 2860
may adopt a different conformation even though the @CH cm™t OCH, symmetric stretching peak. Since in PEGME the
groups are still dominate the surfaetrong SFG signals show  OCH; end groups are far less abundant than the @i@i¢kbone
that at these two interfaces PEGD molecules are still very groups (Table 1), we believe that the O&¢hd groups tend to
ordered. segregate to the surface more. They must be quite ordered

The SFG spectrum collected from the PEGD/d-PMMA because they generate strong SFG signals; likewise, OCH
interface is much weaker (Figure 1a). We believe that this is groups are also quite ordered on the PEGME surface in %.ErDV
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The SFG spectrum collected from the PEGME/AF-2400 OCH, OCH
interface is not very dlf_ferent from that cpllected in air (Figure 50 | Symmetric  Symmetric
2d). The relative intensity of the symmetric stretching for QCH J
end group vs the OCHgroups is a little stronger than that of l*

¥
¥

2

the PEGME/air interface. Perhaps this is due to the fact that
more OCH segregates to the PEGME/AF-2400 interface. The
AF-2400 surface is more hydrophobic than typical air; thus,
the favorable interaction between a more hydrophobic surface
and the more hydrophobic OGlénd groups is more dominant.
Again, SFG spectra collected from the PEGME/d-PE and
PEGME/d-PS interfaces are quite similar to each other but are
very different from the PEGME/air and PEGME/AF-2400
interfaces. The d-PE and d-PS surfaces are less hydrophobic
than the AF-2400 surface; therefore, they must interact more
favorably with the less hydrophobic OGlgroups in PEGME.
Their SFG spectra have much stronger signals from ©CH b
symmetric stretching (2860 crt) than OCH symmetric 10 PRSI St
stretching (2815 cmmt), indicating that OCHlis relatively more a
predominant at the interface. Weaker SFG signals of @€zt A A PSPt
be detected, showing that they are still present at the interface.
The SFG spectrum of PEGME/d-PMMA interface shows that
only very weak OCHsignals can be detected, and signals from
OCH; end groups are negligible. We believe that this interface E;%%ep h%bi('::itr;msgcétosn;e(t:ct’ratog‘ ilg‘nggﬁﬂf Eoifn igg;etiiitn%vit%m(yar)nedr
is very disordered due to the d-PMMA hydrophilic surface. As X " .
mentioned, no SFG signal can be detected from the peGmE/ PMMA. (b) d-PS, (€) d-PE, (d) AF2400, and (e) air.
fused silica interface. This is also due to the fact that the fused
silica surface is hydrophilic. Very possibly OGlnd OCH
groups do not segregate to the hydrophilic surfaces. Even if
they are present on such surfaces, the unfavorable interaction
would induce their disordered orientations. SF&Kstretching
signals were not detected from these two interfaces.

w »
o o

SFG Signal (a.u.)

N
o

2700 2800 2900 3000 3100

Wavenumber (cm'1)

both the OCH end groups and the OGHbackbone groups of
PEGDME can segregate to the d-PE surface with some
orientational ordering. As mentioned, air and AF-2400 are very
%ydrophobic; therefore, they more favorably interact with the
more hydrophobic OCklgroups, and OCklsignals dominate
o ) . the SFG spectra. The d-PE surface is less hydrophobic, and it
Similar to PEGD, different SFG spectra of PEGME in contact 5, favorably interact with both OGHind OCH groups; thus,
with different chemical environments indicate different inter- gpg signals from both groups can be observed at the interface.
facial structures of PEGME at various buried interfaces. BecauseCompared to the SFG spectrum collected from the PEGME/d-
of the favorable molecular interactions, on the very hydrophobic pg interface (Figure 2c), here the OEHtensity is stronger
surfaces such as in air or in contact with AF-2400, more pocause more OGHgroups are available in PEGDME than
hydrophobic OCH end groups are present, resulting in strong pegME to segregate to the interface.
OCH signals. The relatively less hydrophobic OLgtoups For the PEGD and PEGME cases, SFG spectra from the d-PE
tend to segregate to the surfaces of lower hydrophobicity_, ?”C_h and d-PS interfaces (Figures 1b,c ahd 2b,c) are similar because
as d-PE or d-PS s_urfaces. When the sur.fgce hydrophobicity iye g rface hydrophobicities of d-PE and d-PS are not very
too low, such as with d-PMMA or fused silica, only very weak jtterent However, it is different for the PEGDME case. No
or even no SFG signals of OGHand OCH can be detected.  grq gignal can be detected from the PEGDME/d-PS interface.
Results of PEGDME. SFG spectra collected from various  This is because d-PS can be dissolved by PEGDME. In our
solid polymer/PEGDME interfaces and the PEGDME surface experiments we found that PS films are dissolved by PEGDME;
in air are shown in Figure 3. The SFG spectrum we collected therefore, no stable PEGDME/d-PS interface exists after we
from the PEGDME/air interface is again very similar to the contact d-PS with PEGDME, and no SFG signal was detected.
previously published result (Figure 3¥)This spectrum is  As with the PEGDME/d-PS interface, no SFG signal was
dominated by the OCiend-group symmetric stretching peak  getected from the PEGDME/d-PMMA interface. We also found
at 2815 cm*, with a weak peak for OCysymmetric stretching  that the d-PMMA film is dissolved by PEGDME. Also, no SFG
at 2860 cm'. This shows that the PEGDME surface is sjgnal was detected from the PEGDME/fused silica interface.
dominated by the methoxy OGHend groups. Compared to  ynplike the d-PS and d-PMMA cases, the fused silica was not
PEGME, PEGDME has more OGHnd groups, and they can  gissolved by PEGDME. The absence of SFG signals must be
segregate more to the surface in air. due to the surface hydrophilicty of fused silica, and there are
The SFG spectrum of the PEGDME/AF-2400 interface is no favorable interactions at the PEGDME/fused silica interface
similar to that of PEGDME in air, with a dominating OGH  that can induce ordering of OGHand OCH groups at the
symmetric stretching peak at 2815 cth showing that the interface to generate SFG signals.
methoxy end groups dominate the interface. As mentioned, AF-  Comparison of Various PEG Molecules at Various In-
2400 is very hydrophobic and should favorably interact with terfaces. It has been demonstrated previously that PEG with
more hydrophobic methoxy OGHroups. different end groups can have different surface structures # air.
The SFG spectrum of PEGDME at the liquid/d-PE interface Hydrophobic groups tend to segregate to the surface in air
is shown in Figure 3c. This spectrum is different from the two because air is a hydrophobic environment. Therefore, O€&H
SFG spectra collected from the PEGDME/air and PEGDME/ PEGD and OCHin PEGDME like to segregate to the surface
AF-2400 interfaces. Both OGHand OCH symmetric stretching because in PEGD OCHs more hydrophobic than the-€H
peaks can be observed with similar intensity. We believe that end groups and in PEGDME OGHend groups are mor&DV
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hydrophobic than the backbone Oggtoups. In this research,  Conclusion

we have shown that at buried interfaces, as the air case, for the Although dominance of hydrophobic end groups for these

same PEG molecule, functional groups which are more hydro- liquid PEG polymers at the air interface has been studied
phobic prefer to segregate to the interface while contacting a previously?4 we have demonstrated that different solid contact

hydrophobic surface. For example, for hydrophobic AF-2400, media of different hydrophobicities can induce varied interfacial

OCH, in PEGD and OCHin PEGME and PEGDME tend to  conformations of these PEG polymers. SFG can be applied to
segregate to the interface because of the favorable interactionse|ycidate molecular structures of buried solid/liquid interfaces,

For less hydrophobic contacting media such as d-PE and d-PSyyhich are difficult to probe using other techniques. As shown

both OCH and OCH groups can segregate to the interface for n this research, PEGs with different end groups while in contact
PEGME and PEGDME. For PEGD, OGHegregates to the  with different polymer surfaces adopt different structures. Some

interface, but perhaps with a different conformation comparing general trends have been observed relating PEG interfacial
to those at the PEGD/air and PEGD/AF-2400 interfaces. For structures to polymer surface hydrophobicity.

more hydrophilic surfaces such as d-PMMA and fused silica, In this research we use PEG molecules with quite low
only very weak or even no SFG signals can be detected from molecular weights; thus, the samples still have a substantial
the interfaces in the €H stretching region, showing that both  amount of end groups. Research shows that end groups can be
OCHs and OCH are quite disordered. At the fused silica/PEGD used to modify surface properties of polymers with very high
interface, no G-H stretching SFG signal is generated, showing molecular weights. In that case, end groups can influence and
that at this interface the overall ordering/orientation of I even dominate the interfacial behavior of a macromolecular
groups is not enough to generate detectable SFG signals. Thignolecule on surfaces or at buried interfaces, out of all proportion
research demonstrates clearly that in contact with different to their relative composition in the bulk material. SFG should
surfaces PEG molecules have different structures because obe a powerful technique to elucidate such end-group behavior
varied molecular interactions between the PEGs and the at the molecular level in situ.
contacting surfaces. ] . ]
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