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ABSS03
SEN03 I The surface infrared spectrum of pyrene adsorbed at a platinum electrode is obtained by using the
SENS is SNIFTIRS technique. Activation of Raman modes by coupling of the polarizable electrons in the molecule
SEN09 is to the strong electric field field which exists across the electrical double laver is reported. SNIFT1RS spectra

4 are compared to both the solution IR and Raman spectra.
rre

SENo3 i Introduction
PAMO
stNO3 i The perturbation of infrared spectra by strong electric
stme s fields wa s ggested by Condon in 1932.1 It was predicted FNT 1

* that a strong static external electric field could distort
14 polarizable electrons in a molecule in the same way that

as in symmetric molecules, effects that could be observed by
so v Raman spectroscopy. The selection rules for absorption

7 of infrared radiation require that the vibrational mode give
if rise to a dipole moment oscillating at the frequency of the

Sr12 r exciting radiation. Application of a static electric field can
a distort polarizable electrons in a molecule resulting in an

sENis is induced dipole moment. Oscillation of this dipole in re-
sponse to motion of the nuclei symmetrically about the

to molecular center of mass can be detected by using infrared
SENIS 2s radiation. Thus, for highly polarizable molecules, in a

9 strong static electric field, it is possible to detect totally
is symmetric (A) vibrational modes by infrared spectroscopy.

SEN21 I Field-induced infrared absorption of this type has been
io shown convincingly for molecular hydrogen' and crystals FNT 2
P " of diamond type.3  FNT 3

sro Ia Other types of perturbations caused by static electric
sEme to fields have been observed in vibrational spectra. Changes

3 in the intensity of infrared-active bands have been ob-
it served both in gas phastns--TeIaT-s lectrochemica sys- j FNT 4-7

stes 20 temr's The potential dependence of vibrational frequency FNT 8
sEN12 a has also been investigated. t Attempts have been made

s to give a more quantitative explanation of the role of the
A 7 electric field in such systems."'1  FNT 9-12PARO,

SENo3 I Since electric fields on the order of 0 V/m exist across
13 the polarized electrode/solution interface," an electro- FNT 13
is chemical system with absorbers in the interfacial region
2s is ideally suited to study the effects of strong electric fields

same 37 on infrared spectra. Recently, several techniques have
* been developed to obtain spectra of species in the electrical

sMils I double layer.14 5  In this report the SNIFTIRS (sub- FNT 14.15
7 tractively normalized interfacial Fourier transform infrared

13 spectroscopy) technique has been used to observe infrared
21 absorption of pyrene at frequencies where, under external
2s field free conditions, only Raman modes are active.ITrS

sEN03 I Experimental Section
PARi2
SNO I Electrochemical cells used in the experiments were constructed
SENN to from glass syringes JAS Instrument Systems, Inc.). An infra-

3 red-trmnsparent window (50 mm dismeter x 0.3 mm thicknessi
12 made of single-crystal n-type silicon was fitted on the front of

SukiN 23 the cell. The working electrode was constructed from a platinum
1o disk J9 mm diameter X 1 mm thick) sealed in glass and polished
23 to mirror finish with alumina of decreasing sizes down to 0.05

S.Mi2 25jam. Final polishing was made from a bWs wood base to minimize
SEiS 13 the embedding of alumina particlet in the platinum surface. Cells

3 were cleaned by acid treatment (50/50 vol 91, sulfuric/ nitric acid)

PARIS followed by rinsing in triply distilled water.
SEN0. i Acetonitrile (Burdick and Jackson. Muskegon. MI containing

less than 0.009% (nominal) water was handled under a dry argon
SENt 20 atmosphere. Pyrene was obtained from Aldrich and purified bySENoI to vacuum sublimation. Tetra-n-butylammonium tetrafnuoroborate
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PARIS

4(ThAF) was prepared by the metathesis of sodium tetrafluoro-
12 bora (Aldrich) and tetra-n-butyLammonium hydrogen sulfate

SEN12 ie (Aldrich). It was dried in vacuo at 80 IC for a minimum of 24
is h before use.

PARIS
SESMr 3 The electrochemistry was controlled by a potantiostat and
SRIU to waveform generator (Hi-Tek Instruments). The instrumentation

4for phase-sensitive detection used in the differential capacity
sz405 12 measurements was obtained from Bentham lzulyrumenta. Inhered

3 spectra were obtained with the use of an IBM ER/Be Serie FuR
srNLZ is spectrometer. Light from the sourc, was focused onto the elec-
s&Nis to trode and then reflected out of the cell onto the detector. The

s spectrum was obtained by collecting interferograms at two
s&Nis it electrode potentials. E, and E,. After transformation of the

4 interferograims to the frequency domain, the two spectra were
is raticed to give R,,'R,, where the R, correspond to the reflictance,

MZ21 36 at each potential E, The spectra an normally displayed sm 82/R

9on the spectrometer. and may be converted to the more common
SZN24 30 units of ER/ft through the ritlation ER!R - R2/R, - 1. This final

4 result represents the difference spectrum of the species being

iX0 3 observed between the two potentials.

StN~O3 I Results
PAR21
szri a Figure I is a plot of the differential capacity of the FIG 1 (003. 3- 4)

13 platinum electrode used in the SNIFTERS experiments in
21 acetonitrile solutions (a) without end (b) with pyrene.

CaNoe Addition of pyrene to the system significantly lowers the
it differential capacitance of the platinum electrode indi-
17 cating adsorption of pyrene across the entire potential

sieNo Is rnge investigated. Reduction at large negative potentials
7 results in the descorption of the species and increase in the

CR412 is capacitance as expected. Since we are working at pyrene
a concentrations below 0.5 mM. it is likely that the pyrene

is is adsorbed in a flat orientation.
PARD4
sEIoa I Figure 2 shows the electrochemical behavior of pyrene FIG 2 1003. 3- 4)
sEUos io in acetonitrile. It is noted that the current is constant and

ii essentially capacitive over the region of +0.5 to -1.5 V (vs.
Satem n Ag/Ag*). Reduction of pyrene occurs at potentials more
531412 : negative than -2.4 V. To study the effect that the electric

sfield has on the spectra independent of chemical effects
as such as reduction of pyrene. we have collected interfero-

srNis n Crams at potentials between +0.5 end -1.5 V. Thus, any
4changes in the specta are due to changes induced by the

P 27is electric field rather than a chemical change.

SENGS I Figure 3 shows SNIFTIRS spectra in the region of the FIG 3 0013* 3- 4)
12 ring stretching modes of pyrene as a function of the in-

sauios 22 tansity of potential modulation. A bend 1840 cin' is ob- ..t
7 served, which is weakly dependent on tite magniiude or-

sEos Is the electrode potential. The position of the band appears
& to shift to higher energy as the electrode potential is made

SEN412 1s more positive. This result was reproducible in several
SEKil s independent experiments. The SNIFTIRS spectra can be

7 compared to the Raman (Figure 4) and infrared (Figure FIG 4 015.12-11)
SENIS 1s 5) Solution Spectra. The bends in the Raman Spectrum FIG 5 (015.16-17)

a are assigned to symmetric C-C stretching ring modes
CLN2i 1s (A,)."6 The infrared spectrum has a strong bend at 1598 FNT 16

ii cm- assigned to the 83. ring mode end a strong band at
PAN2 3049 cm-' assigned to the aromatic C-H stretch."

SEW I2 Figure 6is the SNIFTIRS difference spectra of the same FIG 68(003. 3- 41
12 pyrene platinum electrode system in the region of the

SF-40 It pyrne aromatic C-H stretch. We note the absence of any
TT2sSNIFTrIRS absorption bands in the 3049-cm-' region.

53140 I Discussion
PARS:
SrEreo I Pvrer- was chosen to study field-induced infrared ab-

I WoPti -,muse of its large molecular polarizability" ansd FNT 17-20
17 the li- 'od that the molecule would undergo flat ad-
25 soirptiur: % the platinum electrode under low bulk solution

SENN A conditt~rno (vide infra). Measurements have been made
CENNs 6 to ensure adsorption and flat orientation of pyrene. The

2 differential capacity of the electrode indicates that pyrerie
531112 I I is adsorbed over the Potential range studied. Further, we

1 3k4 are working at Concentrations where pvrene should adsorb
2145i flat on the surface rather then edgewise. Sorisga end
, Hubbard have studied the concentration dependence of

R il !I N M ~ k 1N 11111jj!jj 1 1111111111111 i! 111 111 111111 1111ili l
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PAR33

it the orientation of several w-electron-rich molecules ad-
sENis 17 sorbed at platinum electrodes.

2  They have shown that FNT 21,22
s in general, flat adsorption is the primary surface configu-

14 ration at bulk concentrations less than about 0.5 mM.
PAXSE
sxi* I The -bsence of an absorption band in the SNIFTIRS

ii spectra of Figure 6 provides further evidence that pyrene
sL w is orientated flat on the surface. If the molecule were

1 orientated edgewise on the electrode s strong band at
is about 3049 cm

"
1 corresponding to the aromatic C-H

stas : stretch would be expected to appear. However, if the
& molecule were orientated flat on the surface absorption

sENL 13 would be forbidden. This differential absorption is known
s LNIS 7 as the surface selection rule. The surface selection rule

s arises due to the properties of radiation reflection from a
sN s is metal surface. These properties may be derived through

a analysis of the Fresnel relations and have been discussed
SEN21 17 in detail elsewhere."s When infrared radiation is reflected

7 from a metal surface, only the component polarized parallel
is to the plane of incidence (p polarized) has any amplitude

srN2s u at the surface after reflection. Light polarized perpen-
4 dicular to the plane of incidence (s polarized) undergoes

13 a phase shift of close to 180" for all angles of incidence
2s resulting in a standing wave that has little amplitude near

sENr 3 the surface. Infrared radiation will interact with an os-
s cillating dipole of a species when both the electric field of

its the radiation and the oscillator have spatial components
SEN0 27 in the same direction. Thus, only molecules that have a

a component of the dipole derivative (the change in the
17 dipole moment with respect to the normal coordinate)
as oriented in a direction perpendicular to the surface can

SEN 34 interact with the p-polarized radiation. The s-polarized
SEN3 , radiation is blind to species adsorbed near the surface. For

3 a molecule adsorbed flat on the surface, absorption of
t2 infrared radiation is forbidden by the surface selection rule.

SEN39 i However, if a dipole moment is induced in the species
12 perpendicular to the surface, for example, by external fields
21 or bonding effects, a vibrational transition can be observed
3o by using infrared radiation.

s EoW I The appearance of symmetry-forbidden bands in the
spectra of molecules adsorbed on metal surfaces has been

sE0 1s observed. The interpretation of such bands includes
a mechanisms involving chemical bonding of the molecule --

is to the surface and interaction of the molecule with electric
sENos 25 fields near the metal surface. The chemical mechanism 7-.

s suggests that bonding to the surface decreases the sym-
13 metry of the molecule causing disallowed modes to become "

SLN12 22 active." In addition, distortion of the molecule by dona-
s tion of electrons from the metal to orbitals on the molecule .

SENIS 2o has also been suggested. More quantitative explanations
a based on electric fields present near the metal surface have

SENIs is been discussed. Sass et al.' have shown that electric field
io gradients arising from interaction of radiation with the __
is metal surface are strong enough to couple with quadrupole c $ ion FO r
r moments in the molecule, giving rise to activation of in- -_-

SE21 M frared-forbidden modes. In electrochemical systems, it has NTIS RA& &
been shown quantitatively that large electric fields which

is exist across the electrical double layer are strong enough DTT C TAR El
24 to interact with electrons of highly polarizable molecules. iuanotriounaed :1 W

SEN24 i This interaction results in a dipole moment which can
SEN27 i1 oscillate normal to the metal surface." Applying this Justifloatio

4 calculations to pyrene predicts a AR/R on the order of 10- _

SEN30 is for an electric field strength of 10' V/cm. Therefore, we
4 believe that the mechanism for appearance of bands in the By-

u SNIFTIRS difference spectrum of Figure 3 is through
22 interaction of polarizable electrons in the molecule with DistribUtion/

SEN3 30 the large static electric field across the double layer. This r Availability Codes
a interaction can induce a dipole moment normal to the

t2 surface which can oscillate at the vibrational frequency of . .. ail an/or
sEN3e 21 the A, ring mode. The band appears at potentials very

&close in energy to those observed for ring stretching modes Dis Spe ia

PAR42 is in the Raman spectrum (which are infrared-forbidden).
SEiO Thus. for adsorbed pyrene a dipole moment can be in-

i duced normal to the surface by coupling the highly po-
20 larizable electrons in the aromatic ring of the molecule to

- ,V.0
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PAR42
Svqos 3o the electric field across the double layer. The aromatic

4 C-H stretching modes would not be expected to be en-
13 hanced by the electric field because of the small polariz-

T ability of the C-H bond.

SENo3 I Conclusion
PAR4S
SE-.o3 I This report demonstrates that the electric field in the

it double layer is sufficiently strong to induce infrared ac-
ts tivity in modes which are forbidden by normal infrared

sEm 2s selection rules. Field induced absorption can be used to
s study the electric field in the double layer.

TXF21

PARS I
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c~tm i Figure 1. Differential capacity curves for a platinum electrode
cAm0 a in asolutioui of a)0.1 M TBAF in acetonitrile and bi same as
cApos 23 (a) with 0-5mM pyrene. Results were obtained by using a 5 mV

to (pp amplitudet) 400 Hz sine wave superimposed on a 10 in'
21 voltage ramp applied to the working electrode and measuing the

cAPo, 31 in and out of phase components of the ac current. All potentials
awe with reference to the Ag,/Ag* (0.01 M Ag* in acetonirile with

I,0.1 %1 TEAFI.

0law 00 so0 -1 -30

cAPODi Fgr 2. Cyclic voltammetry of the solution in Figure lb. Sweep
CAP% 3 rate is 50 mV, a.

-.~~ 
Is/ 

i

1"o '00 16C

cAPOO i Figure 3. SNIFTIRS difference spectrum of the %olution in
CA"S 9 Figure lb betwenl.hgjnlicated potential regions Band., es-

tending down tr presers increased absorbance at the moreq
12 negative electrioI'-pnrential
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CAPOO Figure 4. Solution inred spectrum of pyrene in acabonitie-
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as -Ut

U-0.

as A

cA.p t Figure 6. SNIFTIRS difference spectrum in the aromatic C-H

CAPo3 S stretch region for the solution described in Figure lb.
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