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of the Electric Field in the Electrical Double Layer with
Pyrene Adsorbed on a Platinum Electrode: Effects on the
Infrared Surface Difference Spectrum
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The surface infrared spectrum of pyrene adsorbed at & platinum electrode is obtained by using the
SNIFTIRS technique. Activation of Raman modes by coupling of the polarizable electrons in the molecule
1o the strong electic field field which exista acroas the electrical double layer is reported. SNIFTIRS spectra
are compared to both the solution IR and Raman spectra.

Introduction

The perturbation of infrared spectra by strong electric
fields was suggested by Condon in 1932.! It was predicted FNT1
that a strong static external electric field could distort
polarizable electrons in a molecule in the same way that
the electric vector of a light wave induced a dipole moment
in symmetric molecules, effects that could be observed by
Raman spectroscopy. The selection rules for absorption
of infrared radiation require that the vibrational mode give
rise to a dipole moment oscillating at the frequency of the
exciting radiation. Application of a static electric field can
distort polarizable electrons in & molecule resulting in an
induced dipole moment. Oscillation of this dipole in re-
sponse to motion of the nuclei symmetrically about the
molecular center of mass can be detected by using infrared
radiation. Thus, for highly polarizable molecufes, in a
strong static electric field, it is possible to deiect totally
symmetric (A,) vibrational modes by infrared spectroscopy.
Field-induced infrared absorption of this type has been
shown convincingly for molecular hydrogen? and crystals FNT 2
of diamond type.? FNT 3

Other types of perturbations caused by static electric
fields have been observed in vibrational spectra. Changes
in the intensity of infrared-active bands have been ob-

served both in gas phasé'as well asdelectrochemical sys- |} . FNT 4-7
tems.! The potential dependence of vibrational frequency FNT 8

has also been mvesuglud *7 Attempts have been made
0 give a more quantitative explanation of the role of the
electric field in such systems.*? FNT 9-12

Since electric fields on the order of 10" V/m exist across
the polarized electrode/solution interface,!* an electro- FNT 13
chemical system with sbsorbers in the interfacial region
is ideally suited 1o study the effects of strong electric fields
on infrared spectra. Recently, several techniques have
been developed to obtain spectra of species in the electrical
double layer.!*!% 1In this report the SNIFTIRS (sub- FNT 14.15
tractively normalized interfacial Fourier transform infrared
spectroscopy) technique has been used to observe infrared
absorption of pyrene at frequencies where, under external
field free conditions, only Raman modes are active.

Experimental Section

Electrochemical cells used in the experiments were constructed
from glass syringes (JAS Instrument Systems. Inc.). An infra-
red-transparent window (50 mm dismeter X 0.3 mm thickness)
made of single-crystal n-type silicon was fitted on the front of
the cell. The working electrode was constructed from a platinum
disk (9 mm diameter X | mm thick) sealed in glass and polished
to & mirror finish with alumina of decressing sizes down to 0.05
um. Final polishing was made from a balsa wood base to minimize
the embedding of alumina particles in the plstinum surface. Cella
were cleaned by acid treatment (50,50 vol % sulfuric/mtric acid)
followed by rinsing in triply distilled water.

Acetonitrile (Burdick and Jackson. Muskegon. MI} containing
less than 0.009% (nominal) water was handled under a dry argon
almo.phere Pyrene was obtained from Aldrich and punified by

vacuum ion. Tetra-n-butyl jurn tetrafluoroborate
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PARLS b
« (TBAF) was prepared by the metathesis of sodium tetrafluoro- W
12 borate (Aldrich) and tetrs-n-butylammonium hydrogen sulfate I8
SEN12 18 (Aldrich). It was dried in vacuo at 80 °C for a minimum of 24 N
15 h befors use. *; .
PARIS . *
SENG 1 The electrochemistry was controlled by & potentiostat and )t
SENOS 10 form g (Hi-Tek Instr ). The instrumentation ‘
« for phase-sensitive detection used in the differential capacity .
SENGS 12 measurements was obtained from Bentham Instruments. Infrared O.Q
3 spectrs were obtained with the use of an [BM IR /98 Series FTIR X
SEN12 15 spectrometer. Light from the source was focused onto the elec- l‘q
SEN18 10 trode and then reflectad out of the cell onto the detsctor. The ot
3 spectrum was obtaned by collecting interferograms st two §5
stnis 11 electrode potentials, E, and E,. After tranaformation of the O
¢ intarferograms to the frequency domain. the two spectra were l.‘;
18 ratioed to give Ry/R,, where the R, correspond w the reflé 1.4
SEN21 28 atesch potential E,. The spectrs are normally displayed as R,/ R, 1
9 on the spectrometer, and may be converted to the more common
SEN2¢ 20 unita of SR/ R through the relation R/R = Ry/R, ~ 1. This final N
¢« resuit represents the difference spectrum of the species being ‘.':
13 observed between the two potentials. ,g'{
SENGY 1 - *  Raesults '16
PAR2 %
SENGY 1 Figure 1 is a plot of the differential capacity of the FI1G 1 (003, 3- 4) i;;
13 platinum electrode used in the SNIFTIRS experiments in Lt
21 acetonitrile solutions (a) without and (b} with pyrene. .
senos 1 Addition of pyrene to the system significantly lowers the X
11 differential capacitance of the platinum electrode indi- H
17 cating adsorption of pyrene across the entire potential 0y
Senoe 23 range investigated. Reduction at large negative potentials ‘..f
7 results in the desorption of the species and increase in the X \
SEN12 18 capacitance as expected. Since we are working at pyrene W
s concentrations below 0.5 mM, it is likely that the pyrene )
18 is adsorbed in & flat orientation. L]
PAR2M
SENO3 Figure 2 shows the electrochemical behavior of pyrene FIG 21003, 3- 4 A
SENoS 10 in acetonitrile. It is noted that the current is constant and i
11 essentially capacitive over the region of +0.5to ~1.5 V (vs. W
seno 22 Ag/Ag’). Reduction of pyrene occurs at potentials more ¥,
SEN12 9 negative than -2.4 V. To study the effect that the electric \LA
» field has on the spectra independent of chemical effects 8y,
1 such as reduction of pyrene, we have collected interfero- CA
SENI1S 26 grams at potentials between +0.5 and -1.5 V. Thus, any X\
« changes in the spectra are due to changes induced by the i
PARZ? 15 electric field rather than a chemical change. 0
SENG3 1 Figure 3 shows SNIFTIRS spectra in the region of the FIG 3 (03, 3~ 4} :\:‘
12 ring stretching modes of pyrene as a function of the in- Ve
sENos 22 tensity of potential modulation. A band,1640 cm™ is ob- 14 oy
1 served. which is weakly dependent on li\e magnitude of 0N
SENoe 16 the electrode potential. The position of the band appears S
s to shift to higher energy as the electrode potential is made W
SENiz 19 more positive. This result was reproducible in several
SEN1s 8 independent experiments. The SNIFTIRS spectra can be
7 compared to the Raman (Figure 4) and infrared (Figure FIG 4 1015.12-12 I
seNis 16 5) solution spectra. The bands in the Raman spectrum FIG 5 1015.16-17) i‘-
s are assigned to symmetric C-C stretching ring modes 'i‘
sennt 16 (A).!* The infrared spectrum has s strong band at 1598 FNT 16 'l‘
11 cm™! assigned to the B,, ring mode and a strong band at h
PARSS 21 3049 cm”’ assigned to the aromatic C-H stretch.'$ )
SENGI 1 Figure 6 is the SNIFTIRS difference spectra of the same FIG 6 (003, 3- ¥ ‘
13 pyrene platinum electrode system in the region of the e
SENos 721 pyrene aromatic C-H stretch. We note the absence of any ".‘
s SNIFTIRS absorption bands in the 3049-cm™ region. ..'l
TXT12 |'*
1]
sENa s Discussion .I':
SENGS 1 Pyrere was chosen to study field-induced infrared ab- Dy
s sorpt  v.ause of its large molecular polarizability'” and FNT 17-20 o
17 the hae  od that the molecule would undergo flat ad- y
23 sorptior. = the platinum electrode under low bulk solution
SeNos w  conditiuns (vide infra). Measurements have been made ¥
SEN® & to ensure sdsorption and flat orientation of pyrene. The %
3 differential capacity of the electrode indicates that pyrene -.:;
SENI12 11 is adsorbed over the potential range studied. Further. we o h
¢ are working at concentrations where pyrene should sdsorb ,‘C.E
SEN1s 12 flat on the surface rather than edgewise. Soriaga and |‘I‘
« Hubbard have studied the concentration dependence of .:l.
R —— \‘
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PARYS v
1 the orientation of several r-electron-rich molecules ad- o
SENI 17 sorbed at platinum electrodes.’’ They have shown that FNT 21,22 ,@f_a
s in general, flat adsorption is the primary surface configu- A
PARN 1¢  ration at bulk concentrations less than about 0.5 mM. ','g
[
SEN® 1 The sbsence of an absorption band in the SNIFTIRS '::g
u  spectra of Figure 6 provides further evidence that pyrene .
SsEnos 20 is orientated flat on the surface. If the molecule were "
¢ orientated edgewise on the electrode a strong band at "t
15 about 3049 cm™! corresponding to the aromatic C-H 'Q'
sENe 23 stretch would be expected to appear. However, if the "‘:
s molecule were orientated flat on the surface absorption (A
sentz 13 would be forbidden. This differential absorption is known
SENIS 7 as the surface selection rule. The surface selection rule t
¢ arises due to the properties of radiation reflection from a l:'
senis 16 metal surface. These properties may be derived through i
s analysis of the Fresnel relations and have been discussed 1
sENz1t 17 in detail elsewhere.!® When infrared radiation is reflected oy
7 from a metal surface, only the component polarized parallel 0"
1¢  to the plane of incidence (p polarized) has any amplitude "\
senze 26 at the surface after reflection. Light polarized perpen- . (3
« dicular to the plane of incidence (s polarized) undergoes g;'
13 & phase shift of close to 180° for all angles of incidence ,L"'
28 resulting in a standing wave that has little amplitude near 4
sENz7 35 the surface. Infrared radiation will interact with an os- -
s cillating dipole of a species when both the electric field of ,
19 the radiation and the oscillator have spatial components OGN
SEN% 20 in the same direction. Thus, only molecules that have a NN
s component of the dipole derivative (the change in the .‘u:
17 dipole moment with respect to the normal coordinate) ".I
28 oriented in a direction perpendicular to the surface can q:',
SEN33 M interact with the p-polarized radiation. The s-polarized 0.‘\
SEN36 4 radiation is blind to species adsorbed near the surface. For O.f.
s> a molecule adsorbed flat on the surface, absorption of )
12 infrared radiation is forbidden by the surface selection rule. ,
siens 1 However, if a dipole moment is induced in the species W\
12 perpendicular to the surface, for example, by external fields P, W]
21 or bonding effects, a vibrational transition can be observed |:ﬁ‘
% by using infrared radiation. OO
PAR3S N
SENO3 1 The appearance of symmetry-forbidden bands in the "
9 spectra of molecules adsorbed on metal surfaces has been l".
senos 18 observed. The interpretation of such bands includes o
s mechanisms involving chemical bonding of the molecule o 2
15 to the surface and interaction of the molecule with electric . . Wi
SsENo® 25 fields near the metal surface. The chemical mechanism ‘{pf}‘. 0..'
s suggests that bonding to the surface decreases the sym- Y :
13 metry of the molecule causing disallowed modes to become ¥ '.!;
seniz 22 active.’® In addition. distortion of the molecule by dona- ot .“ ‘59|
9 tion of electrons from the metal to orbitals on the molecule - ‘,l'
senis 20 has also been suggested. More quantitative explanations W,
s based on electric fields present near the metal surface have i
SENs 18 been discussed. Sass et al.™ have shown that electric field
10 gradients arising from inten;tion of rladiation with the ‘0;
18 metal surface are strong enough to couple with quadrupole ¢
7 moments in the molecule, giving rise to activation of in- Accession For .':
seN2t 3 frared-forbidden modes. In electrochemical systems, it has NTIS GRA&I )
7 been shown quantitatively that large electric fields which 2
15 exist across the electrical double layer are strong enough DTIC TAB D ‘&- ¢
2 to interact with electrons of highly polarizable molecules. Unannounced 0 o
seN2z¢ 1 This interaction results in a dipole moment which can i
SEN71 11 oscillate normal to the metal surface? Applving this Justifieation .
« calculation?® to pyrene predicts a AR/R on the order of 10~
SEN® 13 for an electric field strength of 10° V/cm. Therefore, we 4
‘ gel.ileve that the mechanism for nppelr}_nnce of bands in the By Y
14« SNIFTIRS difference spectrum of Figure 3 is through
22 interaction of polarizable ;lec!rom in the molecule ;ith r__D_{S.'Z_I:j.‘ b\l!.i 0!‘./.__ ! A
SEN13 2 the large static electric field across the double laver. This ¥
3 interaction can induce a dipole moment normal to the ,.__iv_a_i,lebi_l}.t:' Coae!,__ LS
12 ul.:rf:\ce which ‘c):n m';gl‘: .';d the vibrational frequelncy of . vall and/or
SENM 21 the A, ring mode. e band appears at potentials very .
s close n energy to those observed for ring stretching modes bist Special ::'a
PARS 10 in the Raman spectrum (which are infrared-forbidden). ! s “;
SENOY Thus, for adsorbed pyrene a dipole moment can be in- A I‘ | l‘i'
1 duced normal to the surface by coupling the highly po- ."l
2 larizable electrons in the aromatic ring of the molecule to :.‘
4y
X
Y,

o e e A A e R,
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" PARA .
o sENes % the electric field across the double layer. The aromatic
‘e « C-H strerching modes would not be expected to be en-
. 13 hanced by the electric field because of the small polariz-
A\ 22 ability of the C-H bond.
o TXTIS
A SENO3 1 : Conclusion
PAR4S . )
. SENOD ) This report demonstrates that the electric field in the
-+ 11 double layer is sufficiently strong to induce infrared ac-
{Q' 19 tivity in modes which are forbidden by normal infrared
‘-‘. sEnos 28  selection rules. Field induced absorption can be used to
2‘ ¢ study the electric field in the double layer.
& TXT2t
X PARS!
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capoo 1 Figure 1. Differential capacity curves for a platinum electrode .ft
CAP03 9 in a solutiori of (a) 0.1 M TBAF in acetonitrile and ib) same as .0g
CAPOS 23 (a) with 0.5 mM pyrene. Results were oblained by usinga 5 mV ,!‘
10 (pp amplitude) 400 Hz sine wave superimposed on a 10 mV ‘s ¢
21 voltage ramp applied to the working electrode and measunng the "‘
CAPO® 31 inand out of phase corsponenta of the ac current. All potentials 8,
¢ are with reference to the Ag/Ag* (0.01 M Ag” in acetoritrile wmith .
16 0.1 M TBAF). %
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capoo 1 Figure 4. Solution Raman spectrum of pyrene in carbon tet-

caPos 9 rachloride. Band assignments are taken from ref 16
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CAPo0 t Figure 5. Solution infrared spectrum of pyrene in acetonitrile.
CAPOS 10 (a) The nng stretchung mode region. (b) The aromatic C-H strewch
CAPO® * region {see ref 16).
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