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Sum-frequency generation (SFG) vibrational spectroscopy of side alkyl
chain structures of polyimide surfaces
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Sum-frequency generatidSFQ vibrational spectroscopy was used to study how side alkyl chains
of a polyimide are oriented at the air—polymer interface and how they are affected by mechanical
rubbing and adsorption of a liquid crystal monolayer. The spectra of polyimides with various alkyl
chain lengths all indicate that the chains protrude out of the polyimide surface with a very broad
distribution. Longer alkyl chains appear to contain more gauche defects. While the polyimide
backbones are aligned by rubbing, the side chain orientation is hardly affected. Adsorption of a
liquid crystal monolayer on the surface significantly reduces the gauche defects in the alkyl chains.
© 2000 American Institute of Physids$0021-9606800)70443-0

INTRODUCTION and thus influences the performance of an LC device. It is,
therefore, important to know the surface structure of a poly-

Polymer surfaces and interfaces play an important role ifije ang the interfacial interaction between polyimide and
many applications. Therefore, they have been extenswe{l{i

died in th is Kk hat th ; C at the molecular level. For this purpose, a number of
studied in the past. It is known that the surface structure an chniques have been employed, e.g., ellipsorfayd in-

composition of a polymer generally govern the physical an rared (IR) spectroscopy’ atomic force microscops? and
chemical properties of the polymer surface. For advances q{ear-edge x-ray absorption fine structure spectros&opy.
polymer syrface science and technology, one must be able tlgney have found varying degrees of success. SFG vibra-
characterlzg pqumer surfaces at the' moile(.:ular level. HOWfiona) spectroscopy has the surface monolayer specificity and
ever, work in th!s respect has b_een fairly limited because feV%ensitivity and allows probing of selected atomic groups ap-
available techniques are effective. pearing at the surface. It provides, for example, information

~ Inrecent years, sum-frequency generati&ifQ vibra- ) the alignment of polymer backbone at the surface induced
tional spectroscopy has been developed into a powerful SuBy rubbing

face analytical prob&? It is highly surface-specific and pos- In this paper, we discuss the use of SFG spectroscopy to

sesses a submonolayer sensitivity. The surface Specificity, v the orientation and conformation of alkyl side chains at

grises'becau.se unqer the glectrig-dipole approximation, Sngide-chain polyimide surface. First, we make sure that SFG
is forbidden in media with inversion symmetry, but allowed o6 tions from air—polyimide indeed are dominated by con-

at a surface or interface where such symmetry is brdis. tribution from the polyimide surfaces at the interfaces. Sec-

has been demonstrated, the technique can be used to obtainy \ve show how SEG spectra depend on the alkyl chain

vibrational spectra of surfaces and interfaces of bulk materireng'ths yielding information on change of the chain confor-
. . . . . 6_9 1

als ~such  as neat "q“'d""ig_ﬂf liquid—vapor; mation and the orientation of the terminal methyl groups

liquid—solid,®**and solid—vapdr-*®interfaces. In particu- it the chain length. Finally, we discuss the effects of rub-

lar, it is ideally suited for probing polymer surfaces and in- ing and adsorption of an LC monolayer on the polyimide
terfaces. Indeed it has been applied successfully to the Stu&Urface.

ies of surfaces of polyethylene, polypropylereyolyvinyl
alcohol?® polyimide!® and others. We report here our recent
SFG spectroscopic study of the surface structure of a side-
chain polyimide. THEORETICAL BACKGROUND
Polyimide materials are noted for their good high ther-
mal stability, excellent insulating integrity, and superior elec-
trical and mechanical propertié%.22and are widely adopted
as substrates or insulating dielectric materials in moder

electronics. Here, we focus on their application in liquid . . .
P q P@)(wgr=wyis+ wr) induced at an interface by an incom-

crystal (LC) display devices. Rubbed polyimide is com- . . . X
mznly u(seg to y?eldyhomogeneous LC bﬂlkyalignment in Lc g laser fieldE(wyig) andE(wyr). The SFG output intensity
displays. The surface structure of rubbed polyimide deter™ the reflected direction is given by

mines the surface anchoring and pretilt angle of an LC film,

The basic theory of SFG for surface studies has already
been described elsewhéré:?"?® Here, we give a brief
rgiccount for convenience of later discussion. Surface SFG
is generated by a second-order nonlinear polarization

S(wsp) * | X Z 1% E(wyid E(wir)]?, (1)
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Xeil =[ewse L(wsp]- X6y, L(wyd (€, L(wr)],
k=1, m=0:C,
whereL (Q) is the transmission Fresnel factor at frequency - E:ggz fHs
Q, andey, is a unit vector specifying the polarization of the ke, m=0.C, iz
beam atQ). The nonlinear susceptibility® is related to the =8 metCCr [ j
molecular polarizability by /o\ /? " "
C b c
~ ~ ~ ~ ~ id ~ Z
ngzk):NS;,g ((-87-)( ~§)>a(§277>g, 2) L\/FQ:C\\/NOO< >—C—< >—o{ >—N\ Jn
0 o)

whereNs is the surface density of molecules, k refer to

the lab coordinatesx, y, 2, & 7, { refer to the molecular
coordinates and the brackets denote an average over a mo-
lecular orientational distribution function. Near resonances,

FIG. 1. Chemical structures of polyimide used in this study.

we assume that(?) can be written as - 1 opdq ,
3 0= T Sy or ar @)
=gt D () !
7 (wr—wg)+il'y’ In Refs. 29 and 30da,/dr and du/dr for CH have been

o determined to be 3010 **mCVv ! and —2.9x 10 2°C,*
where ayg represents the nonresonant contribution, apd respectively. We then hawey~5.4x 102" m*v~1s?

wq, andl'q denote the strength, resonant frequency and the (A)ijx for the CH, symmetric stretch can be deduced
damping factor of theth vibrational mode, respectively. We from fitting the corresponding resonance feature in the SFG

then have spectra, we can determine the average orientation of the CH
A o 2 group using Eq(2) with A, anda, replacing,y® anda(®,
4.2 (4)  respectively. We have explicitly for an isotropic surface

oot (Ad) = (Adyyi= (a9
A =(A =35Ng(a
Scanning ofw g over resonances yields a surface SFG spec- s Sz 2 sl
trum. Note that Ay)ij, and @), are related by the same X[(1+u)(cosd)
i (2) (2)
relation asy;j/ and e, in Eq._ (2). —(1—u)(co$ 0)],
The theory of SFG vibrational spectroscopy shows that

S(wsp) *| ¥nrT %

the strength of each resonanggis described as (A9 xzx=(As)yzy
1 dag, dug =(Ay)
(8™~ Zo00, 7Q Q" ® ey
0%a :(As)zyy: gNs(as)§§§[<C050>_<COS’% 0)](1_U)1

where g, is permittivity in vacuum, andda,,/dQ and (8)
du,19Q are derivatives of Raman polarizability and IR di-
pole moment for the normal mod®, respectively. In our
SFG measurement on alkyl chains, the {3tretch modes
were probed. As a simple model for molecular polarizability,
we assume that the terminal glgroup of alkyl chains has
Cs, symmetry. We set the symmetry axis of the {toup  EXPERIMENT

as{ and the plane containingand one of the C—H bonds as

the £— ¢ plane with& perpendicular ta.. The normal coor-
dinate for the symmetric stretch mode &= (my/3)(r4

whereu=(4+5R)/(1+8R), and# is the angle between the
symmetric axis of CHand the surface normal.

Figure 1 illustrates the chemical structures of side-chain
polyimides used in this study. The alkyl side chain is con-
| i _ nected to the backbone through cyclohexane and its length
+ratrg), wherem, is the atomic hydrogen mass andis 4 pe varied. The different side chains are symbolized
C~H bond stretch distance. Each C-H bond#asir com- = shown in Fig. 1. We have studied samples with
ponent along the bond direction, anddu/dQ (m=0,k=1, 2, 3, 5, and Ylabeled a€,, C,, Cs, Cs, and
=(dular)/3/my. It also has Raman elemenig, /dr and C, and(m=1, k=7) labeled aC, . In our experiment, the
da, 19r with Q and «, referring to poIarizabiIitie.s parallel polyimide samples with a layer thickness 60 nm were
and perpendicular to the bond. We can writer, /dr  nrepared by spin-coating on fused quartz. To obtain uniform
=R(d ldr), where R9: 0.14 has been obtained theoreti- |5 ers polyamic acid solutions were first filtered with mem-
cally for a C-H bond” We can then find, using the C—=H prane filters. It was then spin-coated on a substrate at 3500
bond additivity modelga/dQ anddu/dQ, and henc@q in rom for 60 s. For the imidization reaction, the samples were
Eq. (5), in terms ofda/or and du/dr for the CH; stretch  pareq at 250 °C for 20 min. Rubbing to align the polyimide
modes. We obtain for the symmetric stretch surface structure to the saturation level was carried out
4+5R 4+5R by a rubbing machine with a velvet cloth. Deuterated
(5)eer= (@) yne=7 7 gR (@) =g @o» (6)  4'-n-pentyl-4-cyanobiphenyl5CB) was used in our experi-
ment of LC monolayers deposited on polyimide. The depo-
with sition was done by evaporation of 5CB at 70 °C and moni-
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FIG. 2. SFG spectra fdL, andC; polyimides.(a)-(c) describe spectra for - py5 3 SEG spectra for polyimides with different side alkyl chain lengths.
C, polyimide in air, immersed inn-tetradecane, and removed from open and solid circles refer to data taken with SSP and SPS polarization
n-tetradecane and dried, respectively)—(f) describe spectra fa€, poly- combinations. Solid lines are fit with E¢).

imide similarly prepared.

toring the second harmonic generati®&HG) signalin situ. backbone appear above 3000 cinwhich we have con-

The SHG output appeared saturated when the surface covéF—m?d, using poI[/4,4 -onyipheniIenepyromeIl?timid}a a
age of 5CB reached a monolayer. polyimide Wlthpqt ;lde chains. Before interpreting the spec-
The experimental setup for the surface SFG measurdré, however, it is important to be sure that the spectra do
ment has also been described elsewh@ret>3!Briefly, a originate from the air—polyimide interface. As is well
picosecond Nd:YAG lasefContinuum, PY61 operatiné at known, electric-quadrupole contribution from the bulk may
20 Hz was used to pump an optical parametric system an Iso_c_ontribute to SFG alth_ough in many cases it appears
generate a tunable near-IR output. Difference frequency mix2€gligible. In our case _Of t_h_|n polymer films, we must _also
ing of the latter and the laser beam in a LiNb@ystal WOy about possibly significant SFG from the polyimide/
yielded an IR output tunable from 2.6 to 3, with a fused quartz interface. To check these points, an effective
pulse energy of~ 100 uJ, a puIsewidih of~15 p'S and a Way is to perturb the interface under investigation and see
linewidth of ~6 cm™ L. For the SFG experiment, the laser how the SFG spectrum changes. In our experiment, we im-

beam at 1.06um (used as the “visible” inputand the tun- mersed the polyimide sample mtetradecane liquid and car-

able IR beam were overlapped at the sample surface witHed out the reflection SFG measurement from the fused

incidence angles of 45° and 57°, and approximate spot sizd@anz ;ide. Thehobsr(lerved spectra are shov;:n in Flgsahd
of 1.2 and 0.5 mm, respectively. The SFG signal in the re-z(e)'lIt IS seen t at'g eCs lsymmet_rlc st_retc mpde a_t 2875
associated with the polyimide side chains disappear

flected direction was recorded by a CCD camera after apprd™ o N
priate filtering. completely. This is because the contribution from jCii

tetradecane at the interface cancels that from the polyimide
RESULTS AND DISCUSSION side chains. I.n addition, the other peaks in the spectra also
change drastically. When the samples were removed from
We first present in Figs.(2) and 2d) as examples SFG the tetradecane liquid and dried, the spectra completely re-
reflection spectra fron€, and C, air—polyimide interfaces. covered, as displayed in Figs(c2 and 2f). The results in-
The spectra were taken with the S&F output, visible in- dicates that the SFG spectra we obtained from the air—
put, and IR input ares, s-, and p-polarized, respectively polyimide side were indeed dominated by contribution from
polarization combination at room temperature. They covethat interface.
the CH stretch region from 2800 to 3000 chrfor the side We now present in Fig. 3 the SFG spectra of air—
chain. The CH stretch modes associated with the polyimid@olyimide interfaces for side-chain polyimides with different
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TABLE |. Parameters of a-cut quartz crystal that was used to normalize TABLE Il. Parameters used in the calculation @j,,, and Ay)y,y-
SFG spectra.

WsF Wris @R
s ris R Wavelength\/um 0.814 1.06 3.47
Wavelengthh/um 0.814 1.06 3.47 Refractive indexn 1.453 1.450 1.410
Refractive indexn=n, 1.539 1.534 1.490 Beam angleB/deg 20.1 45.0 57.0
Beam angles/deg 20.1 45.0 57.0 Fresnel factot, 0.832 0.920 1.023
Fresnel factol 0.806 0.900 1.009 Lyy 0.799 0.717 0.649
Lyy 0.770 0.684 0.613 L,, 1.168 1.080 0.977

alkyl chain lengths and with the SSP and SPS polarizatiogmount of defects seems small as judged from their rela-
combinations. As typical for alkyl chains, five vibrational tively weak spectral peaks.

modes can be identified in the spectra: £bymmetric As seen from Eq(8), we can find(cosé) and(cos 6) if
stretch @*) at ~2850 cm %, CH; symmetric stretchr(*) at (Ars)yyz and (A, ),,y for the r* mode as well ad\, and

~ 2875 cm*, CH, antisymmetric stretchd”) at ~ 2920  (a,.),,, are known. We can then in principle determine the
cm %, Fermi resonance of GHsymmetric stretch with bend- average tilt angled, and the width of the distributio@

ing overtone (fp) at ~2950 cm* and CH, antisymmetric  assuming a Gaussian distribution férFrom the SFG spec-

stretch ¢ ~) at~2970 cmi ™. The spectra for polyimides with tra of SSP and SPS polarization combinations, we can de-
different chain lengths are different, mainly due to changegjuce A 4)yyzand A, )y, from
in chain conformation. All spectra can be fit by the expres- )
sion in Eqg.(4) as described by the solid lines in Fig. 3. Ar 1 )efr,ss Lyy(@splLyy(@is) LA @ir)SINBir (Ar 4 )y,

The C, polyimide has the shortest side chain composeqa ) . o= Lyy(0s9 LA 0yis)Lyy(@1R)SINByis(Ar 1 )y zys
of only a CH; group and cyclohexane link. Its SSP spectrum ’
I(rZ]HFIg.biat)V\I/z (3:0&1 |:12?;§ssb;/tih;8;horeaengizzlgszgs;%_clla;idoWlthwhere Lii's are the Fresnel factors, the calculated values of
shos\;v up. The latter must come from the Catoups on the which for our systems are listed in Tables | and Il. The SFG

' . . , spectral intensities were normalized against SFG from a ref-

cyclohexane link. That the GHnodes are prominent in the rence zcut auartz crvstal. We obtained from Fig. 3
SSP spectrum but not discernible in SPS indicates that CI—(FA ) —(g6+2 4)xy10‘i°m2V‘1s‘1 and @.,) 9
has a very broad orientational distribution with its average'’ (rafg'sls)"; 10-7m2v-151 for the C. Dol imriaeeﬁ'\sl\};(se
along the surface normal, similar to the case of meth%nol.also _ha-veN ~12%10%cn? and from 1E|0 (é/) (a ')
Compared to those of, polyimide, the spectra of, and 094 :153>< 107 m V-1l We ther?.fim’j AH){“
C; polyimides [Figs. 3b) and 3c)] exhibit significant :(i 4+°0 6).>< 10 °m2y-lsl ' (A,.) Z(O[:Oy%;
changes. The" mode for CH becomes more pronounced in ><10.*1_°m.2V*13*1 (cosH>:0’40 and(cors;e)}/go 40_ '
the SSP spectrum while thre® mode appears weaker. The Unfortunatel ,the ver Wea{k SPS s ectru.m 'Of @
d* CH, mode barely changes, indicating that it comes Y, Y P £

mainly from the cyclohexane link. In the SPS spectrum, th _olyl_mlde prevents us from deducmg meaningful quantita-
- . o ive information (namely, 8, and A6 with not too large an
r~ mode is now clearly visible. These observed spectra can . ! . ) . o
. X uncertainty about the orientation of the side chains. This is
be understood if we assume that the cyclohexane links of the L
L - . also true for the other polyimides. However, the results do
C,—C3 polyimides are similarly oriented at the surfaces. For. . N . ) .
o : indicate that for all polyimides studied here the side chains at
the C, polyimide, the CH spectral features in the spectra are
qualitatively the same as those of the air—methanol interface.
Then as in the methanol case, we can conclude that the CH
groups protruding out at th€; polyimide surface are ori-
ented on average along the surface normal with a broad dis-
tribution. The spectra o€, andC; are qualitatively similar
to those of a surface monolayer of all-trans alkyl chains ori-
ented more or less along the surface norit@dthough the
less intensg ~ peak in SPS suggests that the former has a
much broader distributionIn this case, the average orienta-
tion of then CH groups has a 35° tilt from the surface nor-
mal. We can therefore conclude that for lig—C3 polyim-
ides, the orientations of the alkyl chains at the surface are
similar to those of theC;—Cj3 alcohols, with probably
broader orientational distributions. This implies that the cy-
clohexane links for th€,—Cj3 polyimides, have similar ori-
entations at the surfaces. The same appears to be for poly
imides with longer alkyl chainfCs,C;,CC; in Figs. 3d)—
3(f)]. However, gauche defects set in with the longer chairgg_ 4. A schematic model of side alkyl chain structure at the air—polyimide
lengths to enhance the Glrhodes in the SSP spectra, but the interface.
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FIG. 5. SFG spectra fdt, [(8)—(c)] andC- [(d)—(f)] polyimides before and v 0.2 x\ o
after rubbing, with SSP(a) and(d)], PPP[(b) and(e)], and SP$(c) and(f)] ] - E
polarization combinations. Solid circles, open circles, and crosses refer to 0.04 *_,, -
data taken from unrubbed surfaces and rubbed surfaces with incident plane ) ' ) .
perpendicular and parallel to the rubbing direction, respectively. 50 28I00 28I50 29'00 29'50 30'00
the surface are pointing outward along the surface normal © x&b:zgh:z{;";'de Parallel to
with a very broad orientational distribution. Figure 4 shows a 4.0 5CB monolayer I3 rubbing axis
schematic model of the side-chain arrangement at a polyim-
ide surface. The cyclohexane link protruding out of the sur-
face is stable in the chair-shaped conformation. ForGhe 3.04
polyimide, the CH group sits at the top of the chair. The
surface CH groups are then expected to have the same broad 20
orientational distribution of cyclohexane at the surface with
an average along the surface normal. For other side-chain
polyimides, the surface structures are similar, except that 1.0
CHs; on C, polyimide is replaced by an alkyl chaior an-
other cyclohexane ring with an alkyl chain in the case of
. . 0.0 Perpendicular
CC,). For longer chain lengths, gauche defects are likely to ) X
to rubblpg axis

appear near the terminal end. T '
To see how mechanical rubbing changes the alkyl side 2800 2850 2900 2950 3000

chain structures of polyim_id_e at a_sur_face, we measured SFG Wavenumber / cm'1

spectra ofC; and C, polyimide thin films before and after

rubbing as shown in Fig. 5. The spectra were taken with an@IG. 6. SFG spectra for an unrubb€d polyimide film (a) without and(b)

without rubbing, and the rubbed films were measured so thawith a deuterated 5CB monole_nygr, af@ SFG spectra of a deuterated 5CB

the incoming beam was parallel and perpendicular to th&'°nolayer on a rubbe@; polyimide.

rubbing direction with the polarization combinations of SSP,

PPP, and SPS, respectively. Comparing the spectra betweanisotropy in the SFG spectra would be expected, e.g., the

rubbed and unrubbed films, the intensity of the andri; ~ CH;r* mode would be stronger along the rubbing direction.

modes in the rubbed films was decreased, and especially iHowever, the anisotropy exhibited in Fig. 5 is very weak. In

the case ofC; polyimide, the intensity ofl— mode was also the SPS spectra, the spectral features are still hardly detect-

reduced in comparison to the unrubbed polyimide film. If theable. The results suggest that the side alkyl chains on poly-

side chains were reoriented towards the rubbing direction, aimides are not appreciably reoriented by rubbing, although
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