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om0 % v ABSTRACT - Y

¥ In th1s study, the successfu] app11cat1on of Fourier transform

' 1nfrared spectroscopy to %he in- s1tu 1nuest1gat1on of ‘the e]ectrode-
e?ectro1&te squttbn 1nte¢phase has ﬁeen accomp];shed The new method was
used to study the doub]e Jayer reg1on of a p1attnum m1rrof*e1ectrode in
aceton1tr11e soTutlons W1th this - hew technlque, 1t is poss1b]e to observe .
“changes 1n the v1Erat1ona] structure of the, 1nterfac1a1 reglon between two 3

'f. pqgent1a1 states Th1s 1s accomp11shed by subtractﬁng the reflectlon .

LA absorbance spectra bbta1ned at each of the potentwals The techn1que

'15 A s1ng]e ref]ect1on experiment Rad1at1on is passed through a th1n

: fopt1cally transparent w1ndow, a very th1n 1ayer of solution, is reflected

from the e]ectrode of 1nterest back through the so]ut1on and out of the

-\ .
ce]] to g su1tab1e detector I .
o L |

- The new technique;Was a]so_used,tovobtaih the infrared spectra of
' organic mo1ecu1ar ion radicaTs generated at an ox{dizing or reducing :1ec-
 trode. Thus, for the first time, it is’pOSSibie'to study in-situ the
changes that occur in the vibrat1ona1 structure‘of a molecule as it
undergoes eTectron transferrreactions. ‘ d .. \%

~ The work demonstrates. the speed and versatility of what appears to be:
a valuable new tool in the study of surface processes.
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" CHAPTER 1

- INTRODUCTION
A

1.1‘ Objective

The object of this thesis is fo determine and develop a way in
which to describe, and understand the structure of the electrode-
) e1ectr91yte interphase. The structural information of the electrode
‘interphase can give insight into the mechanishs of cata1ysis’direCt1y.
Thus, it would be possible to determine how to inhibit or accelerate
cata]yfic processes. |
| The method used in this thesis is modulated infrared reflection
spectroelectrochemistry (1-6, 84-86).- The infrared 1ight is p&ssed
through solution and reflected from an electrode surface back through
solution. The method ﬁonitors changes iﬁ the interphase optifal]y
durfng ah electrochemical experfment without affecting the interphase.

ther techniques used to study the electrode interphase are
either not completely undérstood, or the electrode is removed from
solution in order to study it. When an electrode is moved from a |
~solution to a vacuum, there is Undoubted1y a change in the interphase.
Considering the currently avaiIable techniques, mddu]ated fnfrared
‘reflection spectroelettrbchemistny will be shown to be the best way to_
- .study the electrode interphase in-sftu.

This research was “the first time thatua.Fbgriér ffaﬁﬁforﬁ‘;}}‘
infrared spectrometer was usedfin modu1ated inffaféd réffectfon‘

spectroeTecfrochemistry (4).



During this research it was a1su‘found that the technique of

v y ,
modulated nfrared reflection Spectroe1ectrochemistry could be used to
obtain 1nfrared spectra of e]ectrochemica??y generated intermediates

(85). This will be discussed 1ater %:y

1.2 Background '

| A study of electrochemical processes occurring at the e]ectrode
surface by an optical spectroscopic method was. fifgt made in 1964 (7)
The technique was dubbed spectroe1ectrochem15try Sinee then it has
been adopted by many electrochemists as a means for monitoring
different processes occurring at or near the electrode surface. Thus

one is able-to observe spectrally the effects of adsorption (1 6 8 14,

o 16, 37), double layer structure (2-6, 15, 16, 84-86), kinetics of ‘homo-

geneous reactions_1n the diffuse layer (17-26,'35), processes of
cetalysis (15—16).1the point of zero charge, and metai deposition
(27-28). | |
Spectroelectrpchemica1 techniques are usually not more sensi- '
tive than norma].eIectrOChehical methods, but are more specific to in-
dtvidua1 precesses in the 1nterphase.' This is due to the fact that, in
geheral; e1ectrocheija1 methods measure all\thg‘processes occurrine at
the 1nterphase. Thus by normal e1ectrochem1ca1 methods,the,strUCture

of the reaction 1ntermed1ates ‘cap only be determined by assumption

after iso]ating the reaction products. This makes the determination of



: environment of the mo]ecu]es in the interphase necessariiy change afh

reaction mechanisms somewhat more. dubjous than spectroelectrochemical
techniques where direct ohservatiOn of individualaintermediates is
possible. ' ' | ' | '

Certain spectroelectrochenicaT techniqdes can give information
on the vibratiéna] structure of the molecules in their enyironment at

-

the electrode interphase. Other’spectroelectrochemicai methods will

also be discussed later in this work. These methods .can give

information on thickness and optical constants of adsorbed layers,
reaction kinetics, et cetera: | N

| In spectroeiectrochemistry there are two ways to study the sur-
face of an e]ectrode: in-situ, where the-electrochemicai cell wod]d be
in operation during the measurement, and‘eX-situ, nhere the electrode |

is removed from thefcell for external examination. The in-situvmethod-

~is a more appTicabie method for studying thé electrode interphase than

the ex- 51tu method because the in-situ method is able to monyyo

processes at the electrode interphase as they happen. In the ex-situ‘

method, that is not possible. The ex-situ methods observe a change on

" the surface of the electrode before and after an electrochemical

experiment is performed. Ex-situ methods can give a great deal of

.information, but are.usually performed under ultra high vacuum. Thus

the interphase changes a great deal and the information gained is much

less revealing about the dynamic processes concerned. The ex-situ

“techniques are useful. on1y in cases "where there are simple systems

involved, or strongly adsorbed molecules are present since the

great deal in going from so]ution ‘to vacuum. References pertaining to
o ' R R - 4 [/ T IROPT e f.l.‘,"ﬁ’
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in-situ énd}exfsitu»mé;hods are given in Table 1-and no further dis-

cussion. of ex-situ methbdé;w111 be giv¢h~here.



TABLE 1

References for §péctroe1ectr0chem1ca1 Methods

£ ]

In-situ Spectroelectrochemical Methods

I)*j\

1)
I11)
V)

V)

In-situ

';Raman spectrosc0py S

Specular reflectance-

A) U‘Itravio'let-visiMe e e e v

B) Infrared e b e e e e e e

IRS (U.v.-Visible, IR) . . . .9,

El'lipsometry e e e e
'Tr’mission (U V. Hs., 1R)
RYOTE o v v v v e e o n e o

B) OTTLE . RN

‘A) Raman~spectroscopy“. v e e e
B) Resonance Raman . . . . . . . .

CCYSERS .ot e e e

1)
1)

Non-optical Methods

Electron spin resonance . . . .

Mossbauer spectroscOnY:#*?5',' g fi

ARY

Methods

Ex-situ
\"‘ 4.'. ,II).

10,

Low energy electron diffraction (LEED)

L)

Auger spectroscopy . . . ‘Q . L) .v LI 1 . 0 .

IR

o

References

. .8, 11, 19,

13,

18,

o. LI} .1-6,

17, 18, 24,

30-36
84-86
38-48

20, 22, 25-29, 37
17, 18, 20-22, 54

72-74
’3'15-75.

"77:§6v‘
79-80



1.3 Solution Free Measurements‘

The in-situ spectroelectrochemicalvmethods can be.divided'into
two'primary areas: 1) the study‘of "solutiun free molecules" (mole-
cules able to diffuse to the electrode, transfer an electron or elec-~
trons at the electrode and then diffuse away), and 2) the study of the
double layer structure including adsorbed species.

First I shall discuss the “solution free molecule“lexperi-
ments. In the "solution free method" the main information obtained is
the determination of electrochemical reaction mechanisms of homogeneous
reactions which accompany charge transfeJ,processes This technique
(which may use radiation in the ultraviolet visible or infrared region)
is usually nondestructive and the absorption of . light by the
electrogctive species is nuch faster than the kinetics of a chemical
“reaction follow1ng an electron transfer. This makes it iﬂeal;for the
study of reaction mechanisms. The absorption of light by'only the
electroactive species as a function of time can yield the type of
mechanism involved. Since each possible mechanism has a different
absorbance_gs time curve for each absorbing species (17- 20), and the
curve for each mechanism can be simulated by finite difference (81) and
orthogonal collocation methods (82, 83), exact mechanistic details can
be obtained. For reversible reactions the absorbance vs. time curve
can be used to determine diffusion coefficients (31) and extinction "

coefficients of intermediates (19), products, and‘reactants.

oY



The early methods used were internal reflection spectroscopy
(IRS) and transmission spzz;roscopy with opticaliy transparent e]ec-
trodes The IRS technique (9 10, 12, 13, 17, 18 24, 38 48) was .
first applied to. spectroe]ectrochemistry in 1966 (43). 'This method .
introduces the 1ight beam through the backside of an optically trans-
parent eiectrode at an angie,7usually 10° degrees greater than the
critical angle and the light beam is totally refiected at the elec- -
=trode solution Pnterphase. Even though the optical beam is tota]iy
ref]ected,there.is still an evanescent eiectric field which penetrates
into the interphasé which can be absorbed‘by species in the interphase -
during electrochemical processes, thereby attenuatingjthe'incident ';
beam. The penetration depth of this eiectric'fieid is dependent on the
opticai constants of the soiution and the . waveiength of incident”
radiation. Th1S depth is usuaily about/a/tenth of a waveiength of the
1ncident radiation. Sensitivity of thi{ techniqueucan be<increased by
multipie ref]ections. One problem with tgis methodhis that during the -
absorbance vs. time measurement there is/only a finite penetration
depth (2, OOOA in visible region). Therefore, one. necessariiy reaches a
steady state quite fast due to the rate of change of diffusiona1 |
processes slowing down close to- the electrode. . )
_ Transmission spectroeiectrochemistry (17 18, 20, 22, 25-29,
37) uses optica]]y transparent electrodes which are set up in such a‘,
way as to perform transmission spectroscopy on the eiectrogenerated
species. The cell is designed in. such a way that the electroi;te
layer is much thicker than the diffusion layer ad%gpent to the elec->

.2,_trode. These - techniques can be used in the u]travio]et visibie

&
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..and ihfrared The major problem with IRS and transmission
‘_spectroelectrochemical methods is obtaining an optically transparent
material that makes a good electrode Most’ of the optically ‘
transparent electrodes are made by chemical vapor deposition of a thin
fiim (100-5001) of platinum, silver, gold, tin oxide, or indium oxide
on a substrate that lS determined by the wavelength range of light ‘
- used. Theseofilms generally have a re51stance of 5- 20 n /sq., except
,for germanium and carbon film electrodes which have a resistance of °
2000-5000 o /sq. Such high reSistances can cause a potential ~
. difference across the electrode surface. A good review of optically
transparent electrodes is given by Kuwana and.Heineman (20).
'MOdulated reflection spectroscopy is rapidly becoming the most
| popular”techhidue.uSed in spectroelectrochemiStry.‘.rt can be used in

the ultraviolet-visible (8, 11, 19, 30-36) and the ififrared (1-6, 84-

86) to monitor electroactive species in solution or at the surface'of'

.3..the electrode The method talls for radiation to be passed through a

' MSO]Uthn and subsequently\reflected from the surface of ‘the electrode
at an angle that may range from 1.0 to near 90 degrees and then back
througn the solution and out of the cell. | The electrode potential is
simultaneously modulated across' a region of interest and the resulting
modulated light. signal is an}lyzed by deconvolution of the small-A.C.
.signal due to the electroctiemical processes from the background
radiationabﬁDeconvolutionfoy phase sensitive detection and signal
»averaging may be utilized to obtain the desired spectrum.

In the infrared special problems arise betause almost all

electrochemical solvents absorb strongﬂy in this\region;{rlhus, a very .'

3



- thin 1ayer of so]ut1on (5 20 um) is formed between the e]ectrode and
the external ce]] w1ndow wh1ch m1n1mizes effects due to solvent

absorpt1on. The actua] tee’t)que w111 be discussed 1n more ‘detail

later. : ‘ S . E
””(\‘Thevmodulated reflection spectroscopic techniques are th St

sensitfwe of}alT the.speCtroelectrocﬁzhical_methdds. By the use of
phase sensttfve detection, 10’17 moles/cmz'can be detected and
with signal aweraging; kinetic characteristic times at the microsecond
" evel can be determined\fB). Q |
. @5Jn its simplest form, a’modulated Fbﬁrier-transfdrm_{nfrared
ref]ettance method (4, 84-86) used to detect electroactive'inter: i
mediates does not. have¥the inherent sens1t1v1ty of the phase sensitiv-
_ methods (1 3, 5, 6), or the ab111ty to mon1tor react1on kinetics.
However the techn1que has much h1gher resolution and has the advan-
tages}of advanced data man1pu1at1on and sagnal‘averag1ng. In th1s
method; one co]]ects spectra at'twb‘different pbtentiafs, and then
'subtracts'then} ThJS yields a d1fference spectrum of the spec1es
between the twO'potent1a1s. S1nce it 1s usually on]y poss1b1e to hold -
the potent1a1 where electron transfer is “occurring “for a short time to.
| avo1d the effects of 1rrever51b1e react1ons, the electrode potent1a1
must be modu]ated. Thas only a few spectra can be taken at each
potential. Theretore the electrode potentia] must be modulated many.A
times and the scans collected at each potent1a1 are ayeraged to
impgrove the s1gna1 to nowse rat1o. Typ1ca11y, scans ‘can~ be co[&ected

as fast as 0.1 sec/scan at 16 cm‘1 reso]ut1on, and 0 6 sec/scan at

‘.4 em? resolution. For solut1dn free spec1es" the spectra]

R . . . . .
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changes reflect v1brationa1 changes-of the molecule before and after
n.e]ectron transfer.

The* on1y major prob1em of modulated reflection spectroscopy is
lthe e]ectroref1ectance effect (18 -36~~87). This effect occurs when
" the surface electron - structure of the metal electrode is perturbed by ‘
_modu1ation of potential. This pro;erty is universa1 andng metal
"electrodes. When a potential is app11ed to an electrode, the Fermi
Tevel of the electrode changes which 1n turn causes the electronic
séructure near the surface to change. ‘The opt1ca1 constants which are
dependent on the electronic structure near the surface t‘li change.
Since the ref1ectivity-of'the metal is dependent on the optical
constants, the ref]ectivity is dependent on potent1a1 Since radiatfon
may also effect electron density, the electroref]ectance effect is’
waveTength dependent. ‘Since this effect has'a smal]\(re]ative .
reflectance’ 10-6) magnitude in the infrared region; it has no

—— L

consequence in this work.

In resonance ‘Raman spectroelectrochemistry (56 60) a sim11ar
cell onfiguration Is. used. The excitation of the nm]ecule is by a
"IaSéiéwhich ‘is of a frequency that lies within the absorption band of

.the e1ectrogenerated species. The laser is directed through the

‘501ution and ref]ected from the e1ectrode surface, from which the Raman o

1.‘. Iu

§catter1ng is observed. The resonance Raman line 1s-usua11y enhanced
by a factor of 109-105 over normal Raman scattering. thus making it
possible to ohserVe‘uery sma11.quantit1g5" This technique gives
1nformat10n of - the mo]ecular structure of the e1ectrogenerated species,
~and also has been shown to be useful 1n determining reaction kinet#cs.

The maJor disadvantage of this techntdhe is that not a11 | \

- (:‘
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vfbratibna1 bands are enhanced to the same extent.‘ In fact only those
bands that are associated with the electronic transition that was
excited mavae observed.b )

F'lna'l'ly,_anothér widely used technique is.that.6F optically
transparent thin layer electrodes (OTTLE) (17, 18, 20-22, 54). An
“OTTLE eell is a metal grid (180-2000 wires/in. usually gold) sandwich-
ed between two optically transparent wimdows (the type of window sub:
- strate depends on the spectral region of interest). The solution
thickness is usually Tess than 0.2 mm. ‘The OTTLE method is %erans—
mission method which is mainly used for electrolysis experiments
Here, usually a]]wof the e]ectroact?ve species is electrolyzed in
‘20-120 sec. There are other dses,'such as indirect coulometric titra-
tions (22i with oStich monitaring. Theif small sample size makes
them ideal for dealiné with expensive efologica1 molecules (53): An
obvious drawhack to this method is that the e1ectr04e is a grid in-
Ttead of e planar electrode, thus .making kinetic me;;urements at shert
times impossible due to the Yack of accurate mathematical deseriptiOn
of ecuch syctems (18).

The above methods of “solution free spectroelectrochemistry”

may not he used alone to determine the actual mechanism end hemogen;

¥

11

@r:_“

eous rate constants of the relaxation of the e1eetrogenerated species._f o

‘Other electrachemical methods must be used first to determine at what o

potential the charge transfer occurs. A spectrum 1s'then run to
determine the wavelength where the electrogenerated species absorbs.

.Then. i¢ ﬁs pos$Tble to sit at the absorbing

T - o -

iiwave1ength ind monttor the aQsorbance vs time curves nétessanywto

o
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e]ocidafe the reaction mechanism, extinction coefficients, and Kine-
tics of the hohogeneous reactions.' In general, it is always good
Practice to use spectroelectrochemical techniques in conjinction with

e]ectrochemica1 techniques for determining reaction mechanisms.
' )

—

AN o . v
1.4 Surface Studies ' /

I will now look at other types of in-situ spectroelectro-
chenfcal methods which*dea1 with the structure of the double layer and
molecules adsorbed. on the electrode. -.

The spectroelectrochenica1 method of)e111pso;efry (49-52) is
used cqadetermine the two optical conscants and the thickness of films
adsorbed on an electrode. - When plane polarized light 1s.specu1ar1y
reflected from a surface the reflected light will be po]arized
elliptically. The method for measuring the state of po]arizat1on of
reflected 11;2?‘15 cal]ed e]lipsometry Since this is ah in-situ

method, \1t can be used to determine kinetics of film formation and

dissolut1on

It was shown in 1980 (1) that Modulated Infrared Reflection

v e ‘s',,'

Spectroscopy (MIRRS) (1 3,-5; 6) cou1d be used.to study the vibﬁation-;i’f o

aJ structure of the¢e1ectrode/e1ectrolyte interphase using phase -

-

sens1t1ve detectiqn. In this work it wi]] been shown that ModuLated.

Four1er Transform Infrared Reflection Spectroscopy (MFTIRRS) (4 84
86) can aTso be - used to 1nvestigate -the- vibrationa] structure-of thef,’
electrode/electrolyte interphase. The genera] techniques for obtaining

MFTIRRS spectra were described previously. In addition, it is required

12
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_that the distance from the electrode to the window be less than 6 um

to minimize the .solvent absorption. The infrared beam that is
reflected from the e1ectrode surface must be po]arized parallel to the
plane of incidence. .The electrochemical cells for MIRRS and MFTIRRS
are identical. Description of the cell will be made in a later
chapter. | )

Another technique for studying vibrational structure of the

e1ectrode/e1ectro]yte interphase is surface enhanced Raman spectroscopy

" (SERS) (16, 61-71). In this technique, a laser exciting beam is

directed through solution and is ref1ected of f the electrode back
through the solution. The Raman backscattering is then detected normal
to the e]ectrode surface ) \\‘

The in- s1€u vibratfonal spectroelectrochemica1 methods each
hareyspec1f1c advantages. F1rst,.a11 of ‘thé techn1ques may show an
enhancement of the signal as nuch-as 105L fhe'reasons for'enhanceé

ment in SERS_areanot fu]lywunderstood There .are many theories, such

as surface plasmon exc1tation surface roughness enhancement and.

. N I A A L

charge transfer compTexes on the surface (16) unt11 the undérﬂyrng

-

reason for this enhancement is determ1ned the technique w11J not be

fu]ly exp301ted. The infrared techniques also show an enhancement the

- cause of -which will be explained in a later chapter.

Second the cel]s used 1n SERS experiments are. able to provide
-faster electrochemistry than those used in MIRRS;and MFTIRRS, because

the electrode is usually 2 mm from the window, al]owtng'more uninhibit-

-ed’ djffusionunf the,species. Third “the MIRRS and MFTIRRS can use a1->' ‘

v o &.A‘, n

L TP EC R

most any type of electrbde s, long as it 1s not a b1ackbody absorber

R -
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This is not'true with SERS, where only ‘silver, copper andvgogd
electrodes will work. ) '

| Each of the vibrationa1 spectroe1ectrochemica1 methods
follow surface selection rules (88, 89) which specify that only mo]ecules
oriented in certain directions will absorb the incident radiation.

)

For infrared radietion tﬁe“reoson for this is that when b ;;
s-polarized light is reflected from the surface, there is a phase shift
of 180 degrees (for all angles of incidence) of the reflected beam with
respect to the incident beam. The phase shift will cause a node et the
surface, so that there is no electrical component ot the radiation for
the absorbed species to interact with. This is also true (E;::\\
p-po1ariied light at'normal incidence. When p-polarized light is used,
there is a phase shift of less than 180 degreeshfo all angles of
'1ncidence (except normal and 90 degree angles of incid nce).‘ This
~creates a standing wave on the surface with the electfic vector compon—

' . v
ent normal to the surface. This component reaches a maximum at about

.'_}887deéreesfﬁncfdencef(deoending-on~thefmeta1)vthen-fal]s.ofﬁ rapidly: to

2"zero at 90 degrees inc1dence There 1s thus energy avai]ab]e to 1nter—

: act with absorbed d1po1es In addition 1t may be shown that on]y v
‘ dipoIe osci11ators w1th a non- zero component of the- dipole derivative ‘.:
_( Bu / 8 Q) perpendicu]ar to the surface will interact with the
'p po]ariZed radiation.

' Vibrational data can give significant information on the
structure and bonding characteristics of the molegyles adsorbed or

weakly interacting with the surface.

. . I . » - . Lo
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CHAPTER 2
EXPERIMENTAL

3

2.1 Preparations
C

2.1.1 Purification of Acetonitrile

- Acetonitrile was the primary e1ectrog§emica1'so1vent used in
this work. 'The purficétion of acetonitrile was accomplished by using
a modified prbcedure of Mann et al (92). The impurities in cdmmeréia1
grade acetonitrile may iné]dde unsaturated nitriles, acetamide,
ammonium acétate,‘acetic,acid, a]dehydés,yamineé,‘qmmpnia and water.
Sihcé\;hese impurities are e1ectroactivé they must ‘be removed to
achteve préper electrochemical behavior of this solvent. 2.5 11ters
of commertia]lgrade acetonitrile was distilled rapidly over a short
ngreux coiumn discarding the first and last 100 ml collected. The-
miadle fraction (2.3‘1fters) was collected over 10-gm of ca]éihm
hydride, and was allowed to stand for 22 hrs; This first part of the
procedure removed a large amount of the ‘impurities, including almost
all of fhe,water. ‘fn the next paft, which removes aromatic
hydrocarbons, no more than 0.2% water can be present. The solvent was
decanted{?rom the calcium hydriae'ihto a flask containing 25 ml of
benzoyl chloride. The mixture Qas refluxed for 1 hour, then distii1ed
(5 ml/min.) into a flask éon;aining 25 Ml of HoO to hydrolyze any
ben;6y1 chloride carried over. This was followed by discarding the

. =T P T e ey e
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last 100 m1 of disti1late. The midd]e fraction was distilled again,
| this time d1scard1ng the first 50 and 1ast 100 m] of the disti]]-
ate. Then to the distillate, 25 gm of potassium permanganate nere lllll
added. The mixture was d1st11]ed rapidly, decardrng the f1rst“and -
last 50 m1 of the distillate. The receiving flask was fitted with a
drying tube-to keep atmospheric water out. 6 The distil1ate‘nas made
acidic with concentrated éﬁ?fdric acid to precipitate any ammonium
sulphate out of solution. “Any ammonia present wasvformedlin the prev-
ious step. The solution was then decanted frbmvthe ammonium su]phate;
then distilled (10 ml/min.) into a f1 ask containing 25-gn of calcium
hydride. The first and 1ast 50 nl,were discardedf The:final distill-
ation was performed in a carefully dried distillation apparatus con-
taining a four-foot insulated celumn packed withvglass helices. The”
distillate containing the calcium hydride was distilled (1 mi/min.)
under a dry argon atmosphere d1scard1ng the first 50 ml and last 100
m], This final pur1f1ed acetonitr11e was stored over Noelm super
grade alumina under a dry argon atmosphere until use.

The purifieatibn procedure yie1ds about 60% of the starting
- material. The dry'purified acetonitrile_shews an absorbance of less
than 0.5 for a 1l-cm cell at 200 nm. The'e]ectrochemistry,of the prod-
uct had a‘steady.state background current of less than 50 uA/cm at  ©
+3.00 V vs.'Ag/Agf'(0.0IM) refenence e1ectrode, with (0.1 M)
‘tetra-n-butylammonium tetrafluoroborate as the supporting electrolyte.

The above small background current can onTy be achieved if a]] the

nglassware is veqy,drx.? This usua]ly cal]s for Noelm super grade
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Y alumlna to be added to the e]ectrochem1ca1 cell to remove the last

- traces of water., o "-j-'-5-* EEE 1i—53’-l:?“(;;1"7‘7'4:':,,3
| It has a]so been found that Caledon HPLC grade aceton1tr11e wnth

".ho 006% water cou]d -be. osed as 15 after drying over woelm super grade

"~ﬁ§a1um1na..;,

2.1.2 Preparation of Tetra-n-butylammonium Tetrafluoroborate

P Y J ) . . .
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Tetra n-butytammon1um tetrafluoroborate was prepared by a mod1-rfh:?h
fied method of Lund and Iverson 93) 1009 of sodium tetraf]uoroborate .
was dissolved in a minimum amount of distilled water andtf1ltered. ],'- |
Smmjlarly, 340 gm-of tetra-n-buty]ammon1um hydrogen sulfate was dissolv-
ed in a minimum'anount7of distf]led water and fi]tered. The'NaBFa'w
solution was added s]ow]y with st]rr1ng to the tetra-n- buty]ammon1um
hydrogen sulfate solution. The tetra-n-buty1ammon1um tetrafluoroborate
’prec1p1tated out of 'solution 1mmed1ately, and was then filtered and
washed with two 100 ml port1ons of ice co]d d1st111ed water. The
_prec1p1tate was dissoTved in 75 n] of methy]ene»ch]orade, The mikture'
" was transferred to auseparatory funnel and shaken. The mixture formed
two immtScib]e 1ayers, the ]oweri1ayer methylene'chloride'plos
-1tetra -n- buty]ammonwum tetrafluoroborate, and the upper 1ayer water and o
sodium b1su1phate. The 1ower Tayer was added to 300 ml of ice co]d |

Le

d1ethy1ether w1th vxgorous st1rr ‘g*"*J

he_tetra~nrbu1ylammon1um ' ;h,;lf}

:5ftetraf1uoroborate precip1tated-out-of sdlutTWA

'
i e
IR A

74ﬂnn;fthe prec1p1tatE was<fr1tered and dr1ed under vacuum at 80°C for 72
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| _ benzene twice and vacuum. dried at 50°C (95)

K tate was~dr1ed under vacudm at 309 (96) S fj%}ft‘iff?ff{‘f

'2a2“0pticalnCe]lfand Electrodes

,
~.
sx,

=0

2.1.3 Purification of Commercial Chemicals

Benzophenone (Fisher Scientific) was - recrystallized twice from '

98% ethanol and vacuum dried at 40°C (94)

18

Tetracyanoethylene (Eastman) was recrystallized from chloro- :

: Tetra n= butylammonium perchlorate (Fluka) was dissolved in a '

'minimum amount of acetone ‘It.was precipitated by adding doubly;dis-

E utilled water. This procedure was repeated twice., The final precipi-

B 0’4‘1

~

‘ 1’H.r;u' o Lithium perchlorate (Thiokol) was recrystallized from triply :

jAnthracene puriss'(AldricthQ;Q%)’waS’used as received.

The 1nfrared spectroelectrochemical cell used s of the three -

_:. electrode type with platinum working and secondary electrodes and a

Ag/Ag+ (0.01M) reference electrode, The cell is shown in Figure 1.

It was made out of pyrex glass, and had an overall length of 175 mm |

'with the working electrode 1nserted About 75 ml of - solution was need-

'ed'to fill the'cell When: the mirror working electrode was placed in

the éell it was pushed forward until the electrode surface was

.distilled water twice.‘ The,ftnalhprecipitateywas-drnediunder;vacuum;at~;ft’é B

110096 (97), R PRI

against thevoptical wxndow. The luggin capillary tip was mounted 0 5 .

mm‘from~the optical window and 3 mm below the workingtelectrode.m~-"
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A loosely fitting ground glass stopcock was used to connect the Luggin

_tube with the reference compartment and it served to isolate the two .

L oma ,&. -

_ compartments.; The secondary electrode was ‘an 18 gauge platinum wire

loop around the working‘electrode shaft and was parallel to the opti-

-

"Cal window ' Nhen the cell was purged with dry argon, ‘use waS"made of

"two special ports These ports were. mounted at the top and bottom of

the main cell ‘body. -”ﬂ., , B A

The working electrodes were-made’ by silver soldering a

'n‘n“'

”2.mm x .12 mn - (d1a ) platinum disk to a 12 mm X 175Jnn brass rod The

ted by heating the sleeve and pressing it on to the epoxy. resin coated

"brass rod This prgcedure produced a seal which was re51stant to
E 'organic solvents and:acrds., At the rear of the electrode was anothEr

“-Kel F sleeve of the,same O.D but this sleeve was made to slide on_and

off. A rubber O—ring was placed between the two Kel-F sleeves._ The

‘H‘the end‘ The nut’was used to apply pressure on “the rear sleeve which

'f:1n turn expanded the. O-ring-whieh served es\g seal when the electrode

_ __was placed in the cell There was - apprOX1ma ely 0.1 to 0 2 -mm, of

clearance between -the 0 .D. of the working electrode and the I. D of

the cell. ThlS clearance was made minimal to mﬁintain the electrode

- shaft perpendicular to the-Optical window. -

“ The eleCtrode was polished by meunting it in an aluminum

'mandril shown in Figure 2. The. mandril was used to maintain the elec-

o trode,face perpendicularrto,the-electrode shaft. The two screws on the .-

-
e -
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first 135 mm of the brass rod (containing the platinum disk) was press ‘

- fitted into a 3 mm thick Kel-F sleeve. The Kel- F sleeve was ‘press flt-';‘

_rear end of the brass rod was threaded and a plastic nut was screwed on

T

&
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Figure 2. Polishing mand’ri-;L'f.‘c'_ig‘;the‘ "xx'ai;rror working electrode.
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stde of theimandrdT ﬁére ugea‘fo'tightéﬁ thefeTectrode #n ptace while

"’1o61ishfng A p011sh1ng pad’ (BuehTer)vwasostretched and bonded to an '_,'

LB" square piece of p1ate gTass " The sequence of polishes used for

' poTishing the electrode started w1th 1.0um po]1sh1ng alumina (Baika-

'Tox) ‘then 0.3 pmand finally with 0 OSum poTish1ng alumina. Each” _

~'sipoltsh1ug was.performed with the aid of dtstilled waterg, .'»ef‘!E . et

' The optical w1ndows chosen were -zinc: squide and zinc

.seTen1de These windows are resistant to organic solvents, weak
‘acidst/and water. Zinc su]fide is transparent from 14,000 cm'1
to 5%E~cm-1 and has an 1ndex of refraction of 2 25 at 2000 -
cm'l.' Z1nc se]enide was transparent from 20,000 em-1 to 400

~am<l and had an- index of refraction of 2.4 at. 2000‘,cm°1

" /Both of: tbe.wxndows L35 mm‘dﬁa.\w-z 1AM, th1ek) were mounted on,a, §’34- R

female ground glass joint with -@pOoXY - resin Before they ‘were mounted on

a gTass Joint, the joint was cut SO that the face of the jo1nt was

"lﬁ;"f:pErpendicuTar to the work1ng eTectrode*shaft' “The’ face was a150 cut B

3 S e

i BN SIS

-

:fin such’ a.way that‘when 1t was mounted on the ce11 the height of the
face was onTy 0 5 mm above the Luggin capiTTary. L N
The determination of the distance between the eTectrode sure
‘ face and the opticaT w1ndow was accomp]ished in three steps | First |
by the use- oftBeer s Law, the tota] pathlength of the incident and
, reflected beams between the electrode: and the window was determined.

This 1s_shown'pictor1a11y in_F1gure 3. Beer's Law is giﬁen by:



Window

 Solution

Figure 3. The path of the infrared beam through the cell.
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wherelAr1s'the integrated absorbance of the.entire band, ¢. ié the inte-
grated molar absorptivity, C is the molar concentratton‘and b is the
opt1ca1 path]ength in centimeters }
" To avoid error due to deviations from.Beer's Law a standard
measurement was made with the same reso1ution (4 cml) and;con-
,‘centratdon as was used with the'refiectance cell. | Two bands of '
| acetonitr11e the C c stretch V4 (921 cm1) and the: -CHp
~antisymmetric rock V7 (1040 Cm-1) were used in the Beer's Law

ca]cu]at1on. Three standard spectra were made with acetonitrile in a.

A reshly_prepared O.QS mm so]dtion téi], For each spectrum the

//////:bsorbance was 1ntegrated over the entire bandzfor both of the'
'vibrations'V4 and'V7 By using equation (1) the' 1ntegrated moIar

- absorptivity was calculated as, 309 + 2 and 78 + .5 for V7 and'V4 h‘

~re_spect'lveLy, Two more spectra wete taken,‘-;",this time the light bearm

was reflected through the reflectance ce]]ifitled with'acetonttrfle

~t Before the second spectrum was taken the e]ectrode was pulled back and -

" then pushed up against the: window to. determine the reproducibi1ity of
the gap between the electrode and the window. As before, the absorbance
was integrated over the entire band for both of the vibrations V4 and"
V7. By using equation (1) the total optica] pathlength ‘was determined
to be 1.5 x 10-3 and 1.6 x 10-3 centimeters for the first and

N B ¢
second runs respectively.

In the second step, the angle of incidence of the infrared beam
" to the electrode surface was determined. Snell's Law predicts the

angle at which light is refracted when going from‘one medium to another

4
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with different index of refraction and is stated as:
nfein i = npsin R , (2) | N

.The terms ni»and ny are the 1nd1ces of refraction of the first ’
and second media respectively, i is the angle of incidence, and R i§ the T
angle of refraction. Jhe media zinc sulfide, aceton1tr11e and air have # Y.
‘indices of refraction of 2.25, 1.34, and 1.00 respectively (11t.). The
angle of 1néidenceaon.the cell window was 70 degrees. Thus from
equation (2) the angle of incidence to.tﬁe electrode surface was found
t& be 45 degrees

The final step we; to determine the distance between the elec-
trode surface and the optical window from the equatﬁbn:

X = T cos O (3
( _ 2

The term I is the total optfcal path1engtﬁ, o is the anﬁie-ef,inéi;
dence to the electrode surface,’and x is the dfstanee\between the elec-
trode and the window. By applying equation (3) the distance between
the electrode and the window was determined g&\?e 5.3 umand 5.7 um for
the f%rst and second measurements respectively. These values show that
the distance between the electrode and'the window was reasonably
reproducible. This small thickness was only used when studying surface
processes. A much thicker distance was used wheﬁistudying e1ectroact1ve
species. In this latter case the solution thii ckness was also reproduci-
ble because the electrode was pulled back froq the window until the band

at 1449 cm1 had an absorbance of 1.0. Thi%ﬁrrelated to a

thickness of ahout 20 vm. A¥ this thirkness none of the acetonitrile

R o - S :
L ¥ & . : .
R ) | e o



*oands were s0 scrong that fhey would fully block out any region in the

specfrom. Larger_thicknesses began to present?sensitivity.problems.

’ E o ‘ I e
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2.3.1 Spectromete?

The 1nstrument used in this study was a Nicolet 7199 Fourier
transform 1nfrared spectrometer. An 1n&erferometer was chosen instead
of a dispersive spectrometer because of the optical and digital advant-
ages that the interferometer had to offer. This is the firsF work in .

which an 1nterferometer has been used to study the in-situ electrode

. 1nterphase. Prev10us work in this area has been done with dispersive

spectrometers with phase sensitive.detecfion (1-3,5,6). A detej1ed
explanation of the opere;ioekof the interferometer system.is.given
elsewhere (98,99). Tge/basic mode of operatjoh”of the interferometer
was to convert the information at infrared frequencies to lower aldio
frequencies and phase relate these frequencies so that the detectors
and the electronics are able to fo1low both frequency and intensity
information of the infraréd radiation.

A.simplified diagram of the_Nicolet 7199 spectrometer is showﬁ
in figure 4. The Michelson interferometer consistedAOf two planar

mirrors perpend1cu1ar to each other; one was fixed in place and j;f>

'other was. moved .back and forth at a constant velocity of 0.783 cm/sec.

The'interferometer also had~a germanxum’beam splitter on a KBr

. substrate and a KBr compensator.

—

4 e @ ™
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The beamsp]itter was placed at 45 degreee to the fixed and movable

mirrors. An infrared beam (co]limated) was directed on to the beam-

splitter -and ideally 50 percent was reflected to the fixed mirror and -

—50 percent was transmitted to the mov1ng m1rror The‘infrared 1ight

T e, won @~

4..0,1)9‘;

beam was co111mated by focus1ng the 11ght from the source, a water
cooled globar,. onto a 0.250 in. aperture. The aperture was placed at
the fqcal length of a spher1ca1 mirror which produced a light beam of
high enough co111mat1on to achieve 0.3cmr! reso1ut1on from the

: instrument.

If collimated monochromatic lignt of wave1engtn' A cm i%
directed into the interferometer it will be split at the beamspjitter
' into»two beams of equai intensity. One beam will be directed to the |

fixed mirror and the other to the mov1ng mirror. The beams will be
ref{ected by these mirrors back to the beamsplitter where they will be
recombined. If the pathlengths of the two mirrors to the beamsplftter
are the eame'(this is known as zero retardation) the two Beam§ will be
in phase and will constructively add. Thus ideally the detector wi1T
see the tota1 intensity of the source

If the movable mirror is retarded N/2 ‘cm from zero retarda-
tion, the two beams wijl»be 180° degrees out of phase and interfere
destructively. Thus no light‘wi11 reach the detector as it is all
reflected back to the source. | '

For monochromatic lfght,“tne output of the interferometer
produces a cosine wave as ‘the movab{é_mirror is diép]aced. 'This cosine
wave is also called an interferogram/jnd is shown in Figure 5. The

signal has -a maximum intensity at integral multiples of Acm retarda-

28
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' characteristics Which are ai] f?equéhcy ﬂependente Therefore, equation

(RN S PO

30 o

tion, and a minimum intensity at 1ntegra1 muitiples of A/Zcm
retardation The intensity at the detector for a- monochromatic""~‘

- source, as a function of. mirror retardation is given by

1 {6}-0 51{v} (1+cos 2 nvg) "*f”~' “"fi‘.;~5;?~dﬂb:f A1)

BN L S

s Mherea is the mjrror reta;‘dat.ipn,u and., I(v) is"the 1nten51ty of.-the

P
R IV

source. This expression has two components, a modulated component

given by 0. SI{v}cos vao and a constant Component given‘by
S 0.5 (v} © . “Tn this stidy only the ‘mbdytated- component need be o
~ considered. ..Thus the equation is simp]ified to - '. , SRR QQQ;iV
| 1{8}= 0. SI{v}cos 2 Trvé b oo om ’ L (2)

£l . w=p a R . .
o EY SN - e

' Since'the 1n’brferometer used 1nmthis study was not ideal, a frequency

R .
"

dependent correction factor was . added. ‘“The correction is needed f L
., ‘!; ? G . e .
because of beamsp]itter efficiency, detector response and amp]ifier

1

(2) is modified by the correction factor which is given by’ S

er - v oo 10613 O.BHOIOVL - coszms o " (3)

Equation 3 is? simp]ified by Jetting B(v )-be equai to 0. SH{v}I{v} .

LN

where B v) is the Jntenslty of the source after it has. been changed .ﬂﬁ'I

by the instrumental characteristics.. I(G) is then - given by I{s8}= B{v}cosznvé (4
When the movable mirror is moving at a constant ve]ocity,

monochromatic source of wavenumber vv produces an interferogram that

is a cosine wave of a specific frequency.‘ Thus the frequency of the ‘ﬂ,/?

cosine wave is given by .
o f=2Vv S - :'.,-(‘5)“ :
where f is in Hertz, V is the velocity of the mirror in cm/sec, and v



¢
?
v\:

is the wavenumber of the monochromatic source tn cm~1 _ ';f]lffff 5.'?i?rf5;37-

If the source emits more than one wave]ength of - light the

detector w111 respond to the sum. of all the cosine waves.j<Thus the,

¢°

' 1nterferogram of a po]ychromat1c source - IS given by -

- o o

o
v ‘i I e o « e

o -

" Equations 6 and 7 represent the relationship between the 1nterferogram

_.and the spectrum

I{G?? me{V}CQSZ"VGdV L "‘ .t ‘:::li'h'.T Z.fl,..j}ﬂ(G).; ;;:

A tynJcal interferogram of an 1nfrared source 1s shown 1n Figure 6.

~ v.~. o B w'e o

Equat1on 6 is one ha]f of a: cosine Vourﬁer transform paﬁr, the bther

being. . | S | .
Bivi= [T {6)cos 2rus de - - H7)

PR
. 7 - - Y
- - . - - . - »

LI g - K

u‘

~In practice 1t is phys1ca11y 1mpossib1e to retard the movable

‘*mirror from positive to negative 1nf1nity ’ Thus on]y a ffnite reso]u-

“tion is-possible, The reso]ution of the 1nterferometer is given by

Av= .n{A Cm} 1 . .,,. X E . - - (8)

* where 4 in cm is the ma ximun mirror retarda;ion from zero retardation,

and v is the nomwna] resolution In thi's study the mirror was moved

0.250 cm .from zero.retardation, thusxthe-maximum résolution possible . ,

was 4 cml. Since the interferometer is 1imited to a finite -

mirror movement & , this is the same_as multiplying the 1nterferogram_"

'Qy a truncation'function. The cosine Fourier transform of an

- 1nfin1te1y 1on§ cosine wave gives a spectrum with one 1nf1nftesimally

narrow spike at wavenumber v ." When the. cosine Fourier transform is

appHed to a trur‘ted cosine wave the ca]culated spectrum is also one -

11ne at wavenumber v but the: 11ne 1s of Igwer reso1ution. The

spectrum for the’ truncated 1nterferogram has an instrument 11ne shape

4
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functibn sin X/X, -as: shown 1n figure 7 In-that figure, the»fu%% w1dth
~at half height is 0. 605/ 2 cn-! and the band has a peak height of

: 2 The ful] width at half height is used to define the 1nstrument B
~-reso]ut10n The sin X/X instrument line shape generates side lobes'
1nrt1a11y at 20% of the central peak height This produces difficu]ties

“in fﬁnding bands of 1ow 1ntensity c]ose to the centra] peak To remove

or reduce these s1de 1obes a method ca11ed apodization is used. «This L

4 .

method calls Sor mu]t%pTying an 1nterferogram by an apodizatfon function B

o pemenes
Vgt .

H(s) Thus the Spectrum 1s given by

-

Blvl= [“Is}H (s)coszmos ds . - - - - - (9}

fn this study the apodization fynctiou used was thewHaprGenzeh func-:
tion given by ,

H(S}=0.50 + Q46 w6 &  Ac<Eetd.

H{s}=0 . §<-b

: ‘ §>4
The calcu]ated spectrum using the HapprGenze1 apod1zation gave an

instrument 1ine shape hi) _(100) |

-~

<hivi= ( 0.54/nv+(0.46+47v82)/(n? -(2nvp)2))sin2 mva (10)

This instrument line shape has a width at half peak height of 0.91
s -lem-1and a peak height of 1.084 . The.side lobes are

| onty produced in the spectrum when the width of the spectral line is
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‘Tes$ than the resolution of the instrument. a~l, ‘because otherwise the -

spectfa]'fnformation encéded ih'thé'modﬁiéfiaﬁnéf'an fntérferogram:has

?gdéaufb‘iérﬁ'1d_tﬂe‘Samp1ed'part of'the'ihtéffefobiam.

| | In praéticé~thére is a problem in obtaining a-propervspectrum"
~ from an interferogram due fo'phase\efror.,,The phase error js‘caused-b;L |

,optfc$1;ve1ectronic, andisamp1ing effects. Most of these‘ﬁay,be
M'frqughcy dependent. To eliminate these éffetts,'a cprrecé}oﬁ'fatfor-

is._added. Thus the interferogram becomes

1{8}=["B{v}cos{2nv{s+x{v})) N
v . 913_..;'; ' . . | ’. N o . ,‘ "\’_1_ _"l . .
Since a cosine wave may be represented as: ‘ '
cos(A+B) = cosA * cosB - sinA :;sinB . -+ (13)

we have

1{8}=["B{v}cos2rvs2cos-vX{v} -B{visinmve2-sin2nuX{v}  (14)

Equation 14 shows that by adding afcorrectionffactbr; sine components
are added to the interferogram. The cosine Fourier transform of the

~ interferogram 1(s) is. given by (100)

Civ'} =[ I{skos2rv"s ds | | (15)

‘The sine Fourier transform of the interferogram I{s) is given by

(100) 3 (s)

S{v} =fo1{8)in2 1976 db
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The method of removing the sine component is ca11ed phase correction

In the NRicolet- spectrometer used in. this ‘work , phase correction ‘of- the

spectra was performed in the fo]]ow1ng manner the interferogram that

was collected by the spectrometer was single s1ded except'for a few

- hundred points collected on the opposfte side of zero retardation.- The .

computer calculated a phase spectrum by transforming part of - the inter-

ferogram that contained 100 points on both sides zero retardation The

sine and the cosine Fourier transforms(98) were calculated from this

double sided interferogram, and the phase spectrum O(v~ )was g1ven by . .
e{v-}= arctan S {v’}/C (v7) e : (17) 7

AThe sine and cosine Fourier transformS(QB) were "then computed from the

»tota1 sing]e s1ded interferogram, and the real phase cdrrected s1ng1e

beam spectrum was determined by using the fo11ow1ng re1ation

B{v)=Clo kom{v 1 S{v-sine{v ) a8y

The interferogram was samp]ed hy using the 1nterferogram of a
He-Ne la;er. Since the 1nterferogram of a laser is a cosine.wave, the
outputﬂof the laser detector was electronically converted into a square
wave and used to trigaer the A/D converter to record the output of the
‘infrared detector. In this wprk a’data\po1nt was taken once every
laser wavelength and the frequency of the laser’ was 15798 cm"l
‘Thus by using the Nyquist theorem the highest possible, frequency that may
be samp]ed without a11asing is- 7899 cm'l, which is also known as the
'bandwfdthc ,Frequencies higher than this~are-opt1ca11y-and_electronicad1y
filtered 792[ Since the laser frequency 1S”prec1se%’it

~

-
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.vaes rfseAtJfaCCur - diStahce;meaSUrements of the movabIO mirror, which
in turn gives rise(to accurate_infrared frequencies; The infrared
frequencies produced'by the Nicolet spectrometer are accurate to 0.1
ol : . _ . :

Before an 1nterferogram was transformed it was usualTy averaged
mamy“t1mes. Thus it was necessary to start the averaging at the same
point This was done with an e]ectron1c pu1se ‘that was produced»from the
1nterferogram of a: white 1ight which was optically offset to produce this
: pulse approximately 1000 data points béfore the zero retqrdation of the

. e,
‘1nfrared 1nterferogram. R ;

The ratio of the signal to noise.increases with the square root
of the number of scans, if the detector is noise limited, and 1S-given

by (101)°
S/N = (t v)@nAvtmz/NEP 4 T (19)

where- B(t,\)1s the 1ntens1ty of the source as a function of
: temperature and frequency, 0 1s the optica] throughput, n is the
"~ overall efficiency, av ‘is the 1nstrument reso]ut1on,tm is the ebservation

time for each spegtral element, and NEP is the noise equivalent power of

the detector.

4

The 1nterferometer ‘has many advantages over the dispersive
‘spectrometer such as Fellgett's advantage (98, 99;102) Jacquinots' s
‘advantage (98,99 102), and digital advantages produced by the ‘data
i hand]ing abilities of a computer. '



Feiigett ‘s or the muitipiex advantage is the agfiity of an
interferometer to view all the spectral reso]utiqn eiements at once.,

L]

The number of spectral elements is given by

. o M=Ub/ Av ) | - (20)
where v is the bandwidth of the spectrum, and v‘is the instrument
‘resolution.lf adispersive spectrometer only neasures one spectral
element at a.time; we know an 1nterferometer can coliedt'avspectrnmun
times faster or have a signal to_noise ratio M3 times greater than the
dispersive”insfrument Jacquinot s advantage is known. as the '
thPOUQhPUt advantage This one may be of no benefit to us in the far
infrared, since with a ‘dispersive spectrometer one has the ability td

switch to gratinggfof higher efficiency at 1onger waveiengths The

Jacdu1not s advantage is given by

- . 2 -9
@I/ OG-Z nAIfa\) /AGh vg (21)

where’ o is the optical throughput of the ihterferometer, v, fis the
bandwidth A; is the area of the mirrors'in the interferometer,oq is

: the optica1 throughput of the dispersive instrument, h 1is the height”

H :n %'l.l

-:; of the s it§§ f is the focal length used to collimate the light, and a




2.4 Apparatus

A modified Harrick retro-refleéi;nce attachment was mounted in
the back beam of the Nicolet 7199 spectrometer. The reflectance
attachment was mddified by removing ohe mirror and replacing it with
the eleffroc%emirai reflectance cell, and the mirror mount for the
removed mirror wa§ lowered so that the mirror working elgﬁtrode was
mointed in.the center of the infrared beam. 'The basic apparatus is
shown in figure 8. The electrochemical reflectaﬁce cell was mounfed in
~ el holder shown in figure 9.

The infrared beam was inci&ent on the cell window at an angle
nf 60 to 70 dgg;ees. or approximately the Brewster angle of the éeiﬁ
window. The infrared beam was PoJarized-with a gb]dfwire grid polar-
izer on a barium fluoride substrate (Cambridge Physiéal Sciences type
1GP?228) after it was ref]ected from the cell. The polarizer was- set t~
let only the -adiation component parallel to the plane of incidence be
transmitted. The cnmponénf of the electric field vector polarized per-
pendicular to the plane of incidence has a node at the surface, thus it
i< not abzdrhed hy surface species. The signal to noise ratio can be
increased by a faftor of 2 by removing the s-polarized component, since
this component contains no information of interest and only contributes
*o the saturation of the detector or A/D converter.

The detector used in the Nicolet 7199 spectrometer was a

mercury-cadmium-telluride photoconductive solid state unit, with 1 |

1 9% .
specific detectivity N* of approximately 1 x 1010 cm Hy 7 /W, '
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The potential of the Qorking mirror é1ectrode'was’chtrolled_by
a Hi-Tek Ins}ruments DT2101 potentiostat that was driven by a Hi-Tek .
Instruments PPR1 waveform generator. -fhe potenﬁiostat was trigge}ed by
the Speggrometer's fmnmuter,by tapping the dutpht‘of the_“sgeep" BNC - -
coﬁhector 3gcafed§8&"the back of the computer. The computer gavé‘abTTL
pulse every time tﬁg computer st;:ztd to collect a scan. A 74}93
c0untef was used in the counting circuit that was éonnected in the
triggering circuit betyeeg the syeeb BNC connector and the 4
potent{ostat. The circuit for the counter is shown in Figure 10. The
counter was used so that a series‘of scans co&Td be collected at two
different potentials. A scan is one interferogram collected, and
u§ua11y mote than oné is collected at each potential so they are signa1.

averageg as they are collected to-increase the signal to noise ratio.

2.5 Data Collection

In tQﬁs'section, I will describe the complete procedure to
collect a spectrum. The particular data collection procedure described
first is that for studying the double layer; Thquompufez‘was pro-
grammed'to perform a co1]ection roytine ahd theAthenfio;fat was
tfiggered by a digital counter which counted the number of scans. It
was a1sq possible ;o trigger the potentiostat in sequence with the-
,collect{on program. The language was Nieolet assembler. s

\Ihe counter circuit desigﬁéd for this study was a 4-bit
modulo-iz down counter. The»output of the third 51t was éohnecied to

-]

the "start" TTL input of the PPRI waveform generator.
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Figure 10. Counter Circuit
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The base pntential-was set on the potentiostat and the potentia1 Step‘
thgt'wou1d be applied was set on the waveform genenaton; fhe counter
initially was set'to make output of the third bit Lo. n-comménd was
given to the computer to cO]Tecf fayr scans and sfgr? the avenage in

" a destination file number 20. The stnft_of the first §can would make
tne third bit Hi, thus triggering the waveform génerator which in turn
triggered the pgientinstqt to apply the sten potential to the working
electrode. The waveform;generator could on]y;be triggered on

0 +1 pulses. The third bit gave a 0+ "1 pulse output on the start of
the first scan , sirfte the counter was clocked with 0~ 1vpu1§és’from.
the sweep BNC connector fromthe computer. The third bit of the ,
counter would not give nnother 0+ 1 pu]se tq the waveform gengrator
‘unt11 after it received eight clock pulses (or until af r eignt scans.

A
.haﬂ been taken). On the ninth pudse the counter wou]d give another

b-* 1 pu]se to the waveform generator, and thus apply the potent1a1v
step to the working electrode. The length of time the potential step
was agp]ied was contrelled by thé waveform generator. It was set long
enough to'collect 4 'scans-in approximately 4 sec at 4 cm -1
resolution. ’Aftgr‘thé working e1ectrbdeiwasireturned back to the base
botentia1,~a de]ny périod of about twenty seconds was nlldwed before
* four more scans were collected at the base potential and the average .~
was stored in the destination file numben 21. The delay_peripd was
needed to let tne system re)ax back to its priginaf:state.

The collection program 1 is listed.in the‘appendfx. The prb-.

gram provided for the collection of foun_spectra at the base potentiaT'

and the storage of their average in a sample file. Subsequently, four

 J
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spectra were co]lected at the step potent1a1 and the1r average stored
in the reference file. The 1nterferOgram in the=samp1e file was added
with a ‘weighting factor to a- samp]e interferogram pre;1ously stored in
the destination file number 21. The 1nterferogram in the reference '
file was also addedfwith»a-ueighting factor~to a reference
interferogram previously stored in the destination file number 20. The
program contained a do- 100p which displayed.the samp]e f11e thirty
times, correSpond1ng to a p]anned delay of twenty seconds. The above
sequence was nested 1n another do-loop, so-that the sequence could be
repeated N times Therefore, 4N scans were co]]ected 1n ‘each of the
dest1nat1on f11es 20 and 21, correspond1ng to the step,potent1al and
,the base potent1a1 respect1ve1y ‘ ‘

The col]ectlon program 1 cou]d be changed to co1lect other

numbers of scans at each potent1a1 by tak1ng ‘the output of - the counter

at other bits instead of the th1rd bit. The same pr@%edure given above
vyould:be used to collect the data. | |

| ThE”fnterferogram stored in the destination file number 20'was
' 'movedvto;the reference filetand the”fnterferogramlstored 1n‘the des—j .
tinationfile number 21 was moved to th?;FamP}§;fiT§i The interfero_,
grams stored in the sampTeuand reference ff]es uere‘then_f’
_ Fourier transformed apod1zed and. phase corrected The'sing]e beam.
spectra were then ratioed aga1nst a background ([samp]e/background] X
100 and [reference/background] 100). Both spectra stored in the
’4samp1e and reference f11es were changed from percent transmission to

absorbance. The reference spectrum was then subtracted from the sample

spectrum The background was a single beam spectrum of the light
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’ff_x
".reflected throdgh the reflectance attachment and an.empty reflectance . i
cell. The lnfrared 119ht was po]ar1zed paralle] to the plane of

s . Lo eng .-

1nc1dence U v

The spectrum resulting from subtraction is called a difference
absorbance spectrum. The difference absorbance-spectrum means that its

base 1ine hasza zero absorbance and absbrptidn bands extending below

o the zero line are.due to species absorb1ng more strong]y at the step

potent1a] than at the base potent1a1 The absorptton bands w1th an
absorbance greater than the zero Tine are?due to species absorbingumore
strongly at the base potentia]_than~at the step potential.

g ;If.there is a shift in the frequency-df an-absorption band at
the sbase potential from that at the step potential,-or the absd?ptidn’
band'is<broader athone potential than the other, bands 1n;the resulting
‘difference absorption spectrum may tawn many d1fferent shapes. The
shape of the d1fference absorpt1on band depended on the relative ,”» NS
intensities of the bands in the base potential spectrum and the step
'h:potenttal‘spectrum which werevstoned in the sample and refefence-fi]es
respectively. -Some of ‘the many different,shapes that the ditference-‘ :
adsorption band can assume are~shown in Figures 11—13} ‘

| A sllghtly d1fferent col]ect1on rout1ne was used for observing
the 1nfrared spectra of electrogenerated "solution free species".” The
"solution free species” are forned by‘ox1dizing oh réduéihﬁ an electro-

active species. -
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Figﬁre 13. Difference absorption'bahdﬂtype IIX.
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_ A cyciic 3%1tdmmogram was made to determfne the peok potentia]
where the&electroactive compound is reducéd’or oxidized on the-forward
potential sweep and the peak potential where‘the.electroactive compound
was oxidized or reduced back to the neutra] compound on the backward

potent1a1 sweep ,The base potential was set approx1mate1y 400 mV past

the peak potential on the backward sweep of the ox1dat1on or reduct1on

back to the neutra] compOund to 1nsure that the reaction was diffus1on ‘

control]ed. The step potential was set approximately 200 mv past the
peak potential on the,forward sweep of the oxidation or reduction of
. the compound to fnsure that it alsohwas diffusion contro]l%d.

The base potential and the step“potentia]'were set on the
potentiostat and the waveform generator respectively. Jirtual]y the
.same procedure was used as before to collect the differential

. absorbance spectra. The counter wasjreset .and foUr scans were
collected at the step potent1a1 and the average was stored iR the

destination f11e-number 18. After the potential returned to the base

potential a twenty second delay was-used before 4 scans were coTiecteﬂ;;

at the base potential and the average was stored in the destination
file number 19. The delay was used'to allow enough time for all the-
oxidized or reduced species to be reduced or oxidized back to the
neutral species. Four more scans’were then col}ected at the step
potentlal and the average was stored in the destination file number 17.
Th1s co]]ect1on also set the counter 1n the right pos1t1on to start the

collection program 2.
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The col1ectionAprogram 2 is slightly differeht from the‘collecé
tion program 1 by virtue of having an extra co11ect19n’f11e. The_extra
collection file was used to act as a delay t0'a110w tfme for mdré of:
the reduced or o;idizeh species to be formed. Figure 14 shows how the.
concentration of the oxidized or the'reducéd form of the electroactive
compound changes with time. The delay was approximaiely 3 seconds
which was usually long enough to oxidize or reduce most of the electro-
active coﬁpound in the thin solution layer betdeen the mirror wo}king
je1ectrode énd the ‘window. Thus the more materia]lformed,‘the gfeater
the amount.of 1ight absorbed by the‘cdmpound, and thu% thg better the
signal fo;ﬁdise ratio. The collection pfogfam 2 is'listed in the
appendix. The program first’inﬁtructed a collection of four scans at
the ba9e~poteh£}él‘and stored the average jn the sample file. Then %wo
sehns were collected at theastep potentfal and the average stored in
the bacﬁgro%nd file. With the potentia1'§tep still being applied two
more sé?h;,yére cdl]éc;ed and the avé;age stored in the reference file.
The interféﬁ?é#hm stored in the sample file was addedxyjth weighting to
the previou{iy45§gred intérferogram in the destinatioﬁif@]e number 19.

' Tgé"ﬁﬁgsrferogram stored in the background file was added with'weight—
?!% tg'the p.r‘evi:o"usly s’tored interferogram in the destination file
?ﬁmbgr 18. The interferogram stored in the reference file was added
;1§p weighting to_the préviously stéred interferogram in the destina-
:ion file numﬁgzgfé,  Then a do;Joopwwas used which displayed the
~-sample file 30_t1m¢éfgi§ing a’20 second delay. The abpve sequence was
nested in a dé;loopAand was repeated N times which gavé 4ﬁ‘§é§ns at the |

base potential and 4N scans at the step potential. The same triggering
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sequence was used 1n>program 2 is used in program 1, because there was
still four scans being collected at the base p0tenti$1 and four scaﬁs
coilectéd at the step pdtential, except now the scans taken at the step
pntential were stored #n two different files. The interferogram stored
in the destination fille number 19 was moved to the sample file and the
inteffpronram stored’ in the destination file number 17 was moved to the
referénce file. The two interferograms stored in the sample and refer-
ence files were Fourier transformed, apodized, and phase corrected.

The single heam spectra stored in the samé]e and reference files were
ratined against the same background that was used Before. The spectra
stored in the sample and referencé files were changed from percent
transmitfante to absorbance and subtractea, u#ing the same method as

¢

before. The resulting difference absorbance spectrum had absorption
bands above and belnéfthe zero absorbancé'base line. The absorptioﬁ
hands ateve the hace line were due to a decrease in the'apsbrpinn of
neutral <pe~ies. The absorption hands below the base line were due
only te the elertrogenerated species. If ahgorvt%on bands didn't

change in goina from the neutra' species to the elecrogenerated

speciec, thocs abdorpticn tands wo)1 net be obser «q in the difference

.
F“."'\'ha" N tr



3.0 Double Layer Stnucture

3.1 Re§u1ts_

<

Infrared différence spectra of a 0.1 M solution of tétnabuty-'

lammonijum tetrafluoroborate in anhydrous acetonitrile at:variods'potenl

tial steps are shown in Figure 15. The line drawn throQgh each spec-
trum refers to the zero baseline. Absorption bands extending below the
baséﬁkne correspond to an increase in the absorption of rédiation at
the step potential with respect to the absorbance at the base
potential. The opposite is true for bands extending aone"the
baseline. Table 2 lists the absorption band frequencies for the
sPectra shown in Figure 15. The base pptentia1 of each spéctrum was
46.50 V vs Ag/Ag* reference electrode. That_baﬁe’potential was

chosen because of its vicinity to the point of zero charge (PZCf‘of
platinum in acetonitrile with the electrolytes usea (106). The
positive limit of the‘poténtia] steps was governed by the solvent
breakdown; thus the usable range was ~2,0/V to + 2.5V vs Ag/Ag*
reference electrode. The above so1uti6n(was made 0.1 M in water and
the resyiting difference spectra are shoyn in‘sggure 16. The
abgnfﬁtion band freQUencies for Figure l6'5?g listed in Table 3.
Difference spectra from the same experiment performed o; an anhydrous
acetonitriie~so1ution of 0.1M lithium perchlorate are shown in Figure
17 and the absorption band frequencies are listed in Table 4. Figure
18 g{ves the cofresponding spectrfa produced after 200 y1 water was"

added to the 100 ml of 1ithium perchlorate solution and the absorption

54
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Figure 15. Difference spectra of 0.1M tetrabutylammonium tetrafluoroborate
in acetonitrile. Platinum electrode.
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Table 2

Band positions/cm-1 for difference spectra of 0.1 M tetrabutyl-

ammonium tetrafluoroborate in acetonitrile (dry)

Potential step

N

Pos. displaced bands

Neg. displéced band

-0.5V to +1.0V

2969 w
1470 ww

2328

1065
1035

3005
2938

2299
1100

5m5t5§§

-0.5V to -1.5V

2971 m
2881 ww
1480 w

. 2940

- 948

3005

2329
2300
2250
1420
1367
1099
1065
1038

iggFIss

Ena<gcwn
[7,]

-0.5Y to +2.0V

2967 m
2880 w
1478 w

1365

3010 .
2940
2329
2298
2250
1425

§i5lﬂ§!

1100
1065
1039

946

Twn<n
17, ]

0.5V to +2.5V

2971 m
2881 w
1475 vw

3006 m
2942 m
2329

2300 s
2255 m




Table 2 (Continued)

<

| .
.Band posi'cions/cm-1 for difference spectra of 0.1 M tetrabutyl- .

‘ammonium tetrafludroborate in agetonitrile (dry)

Neg. displaced barid

Potential step ‘ Pos. displaced bands

1420 w
1370 w

1100 s
. 1064 vs

948 m
920 ww

[ &

1064 s

2970 m

S~

"
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Figure 16. Difference spectra of 0. lM tetrabutylammonlum tetrafluoroborate
and 0.1 M water in acetonitrile. Platinum electrode '



Table 3

?

Band pos1’-1:1'ons/cm'1 for difference ‘spectra of 0.1 M tetrabutyl-
ammonium tetrafluoroborate and 0.1'M water in acetonitrile

Potential step

Pos. displaced bands

. Ry
Neg. displaced band

-0.5Y to -2.0V

3450 m. (broad) 3640 w
2315 m 3550 w
2287 w 2971 m
1660 ww 1625 m
1425 w o
1063 s /
-0.5V to +0.5V 1063 s
-0.5V to +1.0V © 2235 vw - 2310 w
' ‘ 2265 ww
1670 ww
£ 1063 S
oy |
) —
-0.5V to +1.5V: 3640 w (broad) 3300 w (broad)
3545 w ' J 3002 m
2965 vw ' 2940 w
1628 w 2329 s,
» 2302 m
t 2265 w
H 1680 ww
i 1420 ww
1375 ww
1095 s
1064 vs
-0.5V to +2.0V. 335 m 3320 m (broad)
: : 3545 w 3006 w "
2967 m 2942 w ~
1633 w 2329 s
1470 ww 2301 m
’ 2265 m
1700 wvw
1094 vs
1064 vs

947 w




Table 3 (Continued)

Bandypositfons/cm*l for difference spectra of 0.1 M tetrabutyl-
. ammonium tetrafluoroborate and 0.1 M water in acetonitrile.

%

-Potential step ‘ Pos. displaced bands “:Neg. .displaced band
-0.5V to +2.5V 3635 m - 3320 -m (broad)
' 3550, w | 2941 'w.
2966 w 2329 s
2884 w v 2301 m
"~ 1626 w a . 2266 m
1486 w o - 1680 ww
1095 s
1064 vs
950 m
» L4

- v
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Fig.ure 17. Difference spectra of 0.1M lithium perchlorate in acetonitrile.



'Table 4

Band positions/cm-1 for difference spectra of 0.1;M 11th1um'
perchlorate in acetonitrile (dry)

Potential step
. o >

Pos. displaced bands

Neg.

displaced band

-0.5V to

-2.0v

1420 w (broad)
1100 w

1443

vw.

-0.5V to

4.5V

1100

fO.SV'to

2270
1460

£ X

2325
2250

1102

t 3 3

-0 .SV to

+1.V

2275
2250

£ X

- 3005

2939
2329
2300

1102

948

£32

¥E< 3w
v

-0.5Y to

+2.0V

2273 w

3016
2939
2329
2300
1102

948

3<3wnw3a3za

-0.5V to.+2.5V

L2274 w

3000

2937
2329
2301
2250
1102

948

< E3InNEZX
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Flgure 18. Difference ec{ra of 0.1M lithium perchlorate and 0.1M water
in acetonitrile. ’



band frequencies are listed in Table 5

The electro]yte was changed to 0. 1M Tithium hexafluoroarsenate
in anhydrous aceton1tr11e and the same experiment was performed aga1n.
Figure 19 g1ves the correspondlng spectra produced and the absorpt1on,.

band frequencies are listed 1n Table 6.

3
5

The mirror work1ng electrode was changed from platinum to gold.
The potential step experiment was performed with 0.1M'1ithium perch-
lorate in acetonitrile nith 0.006% water and the resulting difference
spectra are g1ven in F1gure 20. The absorption band frequenc1es of the
“spectra in F1gure 20 are given in Table 7.

The 1nfrared.spectrum of anhydrous acetonitrile is givén in ‘
FigureI21 The bandgfréquencies and assignments aréigiven in Table 8.

The 1nfrared spectra of 1ithium perchlorate, 11thium hexafluor-
' arsgnéte and tetrabuty1ammon1um tetraf]uoroborate are given in Figures
22,23 and 24 respectively. Listings of the bands of those spectra are

given in Table 9.

3.2 Diécussion

The difference spectra of the potential étep nxperiments quite
clearly éxhibit changes with potential. The changes are & result of
the interaction of thp solution with the electrode at various potent-
“jals. Only reversible processés occurring&ﬁn'the thin layer of
solution between the e]ectnpde_and the window were monitored with the

potentiat step experimentn We find that the resu]tinﬁ i



Table 5

Band positions/cm-1 for difference spectra of 0.1
perchlorate and 0.1 M water in acetonitrile

M lithium

Potential step

Pos. disp]aced bands

Neg. displaced band

*

1100 m

e v vt ¢ % bn b wemramimmte b n e pors P mna

-0.5Y to -1.5vV
-0.5V to +0.5V 1103 s
-0.5V to +1.0V 2275 'ww 1099 s
) : 2253 w
-0.5V t +1,5v 3620 ww 3350 w .
: ’ ‘ © 3550 vw 2329 s ]
3460 ww 2264 m
2251 w 1700 ww \
1635 vw 1102 vs )
948 w
0.8V tn 42 .0V 3630 w 3320 m (bread)
3560 w 2941 w
2275 ww 2329 s
2254 ww 2300 m
1638 w 1700 ww
1103 vs
948 m
-0.8V to +2.5V = 3625 w oo 3340 m
" 3540 w 3010 vw
1648 w 2940 ww
- 1463 ww 2329 s
1377 ww 2300 m
2265 w T
1715 w %
° 1101 vs
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Figure 19. Difference spectra of 0.1:' M lithium hexafludkoarsenate in acetonitrile
" with poteéntial modulation from -0.5V to A. +.5V, R.+1.0V, C.+1.5V
D. +2.0V, E. +2.5V.



Tablé 6

~

Band posit’l’ons/cm'1 for difference spectra of 0.1 M lithium
hexafluoroarsenate in acetonitrile (dry)

Potential step

B L

Pos. displaced bands

7

0.5V to +1°0V

-0.5V to +1.KRV

etk

Neg. displaced band

708 m

-0.5V t +2.0V

N LBY to

2 oV

2329 m
2296 w
946 wvw
706 s

2940 ww

2329 s

2300 m
VW
'

947
706

3000 vw
2940 w
2329 vs
2301 m
947 m
708 vs
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Fiawre 20. Difference spectra of 0.1M lithium perchlorate in acetonitrile with

0.006% water. Gold mirror electrode.



“Table 7

Band p;ositions/cm'1 for difference spectra of 0.1 M Tithiu
perchlorate in acetonitrile with 0.006% water (gold electrode)
« N i .

69

Potential step

Pos. -displaced bands

’, &
Neg. displiaced band

0.0V to -2.0V 2276 w
: 1102 s
0.0V to +2.QV~ 3540 ww 2345 m
‘ 3380 ww 2326 w
1678 m 1724 w
g 1100 s
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Table 9

-~

Infrared Band positions/cm‘1 for spectra of 0. 1M e]ectro1ytes in

acetonitri]e .
Electrolyte _s Anion Cation
Lithium perchlorate C104- Li* o
‘ - 1102 vs Tno bands in region)
625 m
g . e e -
Tetrabutyl ammonium- ‘BFg- BugN*
tetrafluorogorate 1098 s 2970 s
1062 vs 2942 m.
1037 s 2881 m
522 w 1472 m
71383 w.
883 m
739 w -
. , {,\v—/
Lithium hexafluoro- BF5° Li*
arsenate 706 Vs Tﬁa bands in region)
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* difference spectre of this thin'dayer contain a considerable number of

come]ex absorption bands and cheir iotérpreta@ion*willhgive valuable
~information on the changes in the interphase.xiFjrst, the ebsorption
bands will be assigned.and then an exp]anatien of the potential
qebendency of the bands will be given.

The differenceuinfrared spectrum of 0.1M tetrabutylammonium
cetrafldoroborafe in anhydrous acetqnitrile or with 0.1M water added has
an absorptlon band 1064 + 1 cm-1.  The. frequency of this band does
not change w1th potent1al or with the addition of water.‘ The infrared

.spectrum of 0. lM tetrabutylammon1um tetraf1ueroborate in acetonitrile is
shown in Figure 24 . The spectrum has a band at 1062 cm-1 wh1ch

‘.corresponds to the fundamental vibration V3 (F2) which is'the }
asymmetmc stretch mode of‘he tetraheédral mo]ecule BF4 (107) The
1nfrared spectrum also has -two shoulders on the V3 band wh1ch are at
1098 cn-1 and 1036 cn-l.  These shoulders on the triply

degenerate V3 v1brat10h are due to the loss of Td symmetry of the

‘BFg- mo}ecu]e.. The shou]ders are also present on the 1064 cm-1

bahd in the difference spectra (N%te at 1100 + 1 cm-1 and 1037 + 2
m-f). 'Therefore, I conclude that the'bandiat 1064 cm -1 in

‘the glfference spectra is from the anion (BFg~) of the electrolyte.

‘The difference spectrum of 0. 1M l1th1um perch]orate in anhydrous - k
“acetonitrile or with 0.1 M water added; has an absorptlon-band at'lIOl.:: * i

1 cm -;; This absorption band'frequency is potential and water

concentration independent. The infrared'spectrum5of fheJO,lM Tithium

perchlorate in”ace@onitrilebhas an absorption band at 1102 ecm-}. =" - - ¢



=
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This band is the asymmetric stretch V3 (Fp) fundamental vibration

" of the tetrahedral molecule C104- :(108). 'Theréfbre 1 conclude that

the band at 1102 cm-1 in the difference spectra is due to ‘the anion
(C104-) of the electrolyte.

The difference spectra of 0.1M Tithium hexaf]qu?arSenate in

anhydrous acetqnitrile_has'an absorption band at 707 cm-l. The

infrared spéctrum"onO;lM Tithium hexaf]uoroarsenaté Hag an absorption
band at 706 cm-1 which is aue to the anion AsFg-. Therefore 1
@ohciude that the band at 707‘cm-} is from tﬁe anion (AsFg-)
of the eiecfro]yte.‘ A1l of the difference spectra:have one band
associated with the anion 6f‘the‘e]e93rolyte which is usually the
stépngesg band in fhe spectra. The-ré&son for this will be explained
later. | |

The tetrabutylammonium tetrafluoroborate electrolyte has.the

tetrabutylammonium cation, which has infrared vibrations in the spec-

" tral region of interest. The difference spectra of 0.1 M tetrabutyl-

ammonium tetrafluorcborate in anﬁydrous acetonitrile br with 0.1M water
added, -have absorption bands at 2968 +3cm-1,2882 + 2 cm -1

and 1478 + 6 cm-1. These bands éorresﬁbnd to “absorption bands in ' N
the infrared spectrum &f 0.1 M tetrabutylammonium tetraf]uorobdraie in
atetob;£rile. The tetrabuty]anm?nium cation has vibrations at 2970

y

cm-1, 2942 cm-1, 2881 cm -1, 1472 cm -1, 1383 em-1,

883 cm-1, and cm=l, The correlation between: the bands in

&

\ 3 - o
the &wo types pectra is close enough to indicate that the potential =~
A \ ’ .

has 1itt1e effect onizhe vibratidn frequenciés of the cation. The
bands at 1383 cm-l, 883 cm-1 and 739 cm-1*are sufficiently

weak to be buried in the noise of the difference spectra,

S
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except the hand at 2943 cm-1 which should be intense enough to be

observed but is not. 'This is due to the fact that acetonitrile has

‘a band in the difference spectra at 2944 cm‘lAwhich happens'to be

disp]éced in the opposite direction. The origin of this 2944 cm']

band will be explained later. We observe that this acetghjtr]1e .
band. is much more intense than the. cation band,:and as a result
of the digital sUbtraetion process, the cation absorption is masked.

The above assignments of bands in the difference spectra give

‘some insight into the processes occurring in the eléctrode interphase.

When the potential is stepped positive of the pzc the anion 1%’
attracted to thé& electrode to balance the charge. The cation is
repelled from the electrode and moves out of the layer. As the

potentialiis stepped more positive of the’ pzc more of the anion moves

into the layer and more of the cation moves out. Now if the potential

_ is;stepped negative of the pzc the cation is attracted- to the electrode .

and moves into the layer to balance the charge and the anion is
repelled out of the layer. The v1brat1ona1 frequenc1es of the cat1on
and the anion are not shifted in wavenumber when comparing these

difference spectra of the potential step exper1ments to the
i

transmission spectrum of the ions in solution. This gives an

<

indication that the jons moving intosthe thin layer are not adsorbed

o

the electrode surface. This is not to say that there are not ions
LY

adsorbed -on the surface,-just that there is not an appreciable change
in the amount of iohs adsorbed on the electrode upon stepping the 3&
potentia] ~ When a molecule is adsorbed on a metal surface there is &
shift in the vibrat1onal frequencies of that molecule due to d1po1e

- -

interactions with the surface. o A L S _ N
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The difference spectra of the potentidl step experiment, per-

formed in anhydrous acetonitrile on d]atinum (Figures 15-20), show five

negative displaced bands. The band frequencies are‘af 3006 + 5,.2940 *.

2, 2329 + 1, 2300 +l2, and 948 + 2 wavenumbers. The bands are not
observed until the potential is stepped to 1.5 vo1ts positive of the
pzc and the intensity of the bands increases- as the potent1a1 is
stepped to more pbsitive va]ues.' These bands are due to acetonitrile
~adsorbed on the electrode surface. In the C =N stretch1ng reg1on there
are two bands: one at 2339 cm -1 and the other‘at 2300 cm -1,

According to Ii1sh et al (109), when acetonitrile is complexed in
solution with metat ions the C =N stretch appears as a,doublet. Evans
et al (110) gave an explanation for this doublet which I‘dsed to aésign
the experimental bands observed herein. Thus the band at 2329 cm -1
is assigned to the symmetric C =N §tretch'V§(s) (s-sdbscript is for
adsorbed molecules) and the band at 2300 cm-1 is probably a Fermi
resonance of Vp(s) wifh'V}(s)‘fVVZTs). The band at 948 em“l

is aesigned to the symmetric c-C etretch'Vi(s). The bands at 3006
cm;l and 2940 cm -1'are assigned to the CH3 antisymmetric

'stretch V5(s) and the CH3 symmétric stretch Vi(s) respectf;e1y{

The reason that norhally infrared active bande of acetonitrile are not:
observed for fhe-adéorbed dcetonitrile is not understood. One reason

(

rules.

might be that the vibrations do.not follow the surface se]ecfﬁon

{
1

-~
-

The Vz(s) and V4(s) bands are sh1fted 75 cm'l and 30
cm'1 respect1ve1y to higher frequenc1és upon adsorptlon of

acetonatri]e. The bands Vl(s) and V5(s) are not shifted to any

Le
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2'obseryable extent. The explanation of the blue shifting of the C =

bond is consistent withlthe fact the acetonitrile behaves as a Leﬁis_’
bese.uThis shifting has been reported to occur when acetonitrile forms
R adducts with Lewis acids. Such complex formation leads to a s1wght
decrease,1n the strength of the m —bond]ng system and anincrease in the’

strength of the o-bond between the > and N (111) which increases the

C'= y force constant. .
A gold electrode was substituted for a'platinum electrode and

the potential step experiment repeated. The Va(s) band at 2346

cn-l on gold is shifted 17 cm-! from that on pTatinuh. This

fact indicates that acetdnitri}e is moerly likely -adsorbed op'the

electrode surface In addition, Petrii (106) has shown. that

aceton1tr1le is strongly adsdrbed on ‘the electvode surface and’the

; ;1.0V to +1°.0V 15 Ag/Ag+ reference. This observation

“ correlates well with the difference spectraldata, since there is 1ittle

change inTintensity'of the bands observed for acetonitrile adsorbed on
the electrode untjl the potential is stepped.to 1.5V vs Ag/ﬂ§+ '
R AR Y . \ ——

'

refereﬁce. At potential steps more_positive; theJ%?fference spectra
show a décreg;e in the ;bsorbance of the bulk acetonitrile'Vgugend
and an increasein absorbance of the Vp(s) band of adsorbed .
acetomtrﬂe Thus when the electrode pc,nha] is s%epped to 2.0

volts greater than pzc, more aceton1tr11e molecules from the thin 1ayer

- of .solutipnbetween the electrode and the w1ndow are adsorbed on the -

electrode surface.’

. 80



The difference spectra SDQ“ a decrease in the intensity of
the V; band of bulk acetenitrile. R‘Very small decrease of W2 |
is observed and a large increase in the Vo(s) 1s observed. In
addition the Vp(s) bandjin the difference specgga is much stronger
in intensity than all the other bands in the spe%trum. A possible
explanation for these observations is-that acetonitrile is bonded
through the nitrogen to the platinum surface, ang since the
symmetric C = N ctretch is blue shifted 75 cm-1 upbn adsorption,
there is a possibility that éUcharge transfer complex is formed
between theé C = N and the glectrode. Th: charge transfer ?omplex may
give rise to an order of magnitude increase in the intensfty of the
V(<) band (112). )

Water was added to the system and the potential step experiment
was duplicated. New bandsrobserved in the qffference spectra were at
3632 + 10. 3519 + 10, 3325 + 16, 1691 + 20, 1633 + 10, and 2265 + 2
wavenumherc. T1f the electrode potential was stepped to values positive
of the pzc the bands at 3632 cm~}, 3540 ém -1 and 1633 cm -1
are positive displaced bands and the bands at 3325 cm-1, 2265 cm-1
and 1633 cm-1 are negative displaced bands. . If the electrode
potential was stepped to value negative of the pzc the disblacement of
the bands reversed. The bénds in the 0-H stretching regiog at 3632

cm-1 and 3591 cm-1 correspond to value reported by Barrow et al

(113) of 3640 cm-1 and §;45 cm -1 for the antisymmetric 0-H
stretch and the symmetrit O-H stretch respectively for a (MeCN)p Hp0
complex. The band at 2265 cm-1 is assumed to be caused by an aceto

nitrile-water interaction (109). The band at 1633 cm-}

o

4
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is assigned the OH bending of the water in the complex. A possible
explanation of the difference spectra is afforded when considering that in
solution the (MeCN)z H20 complex is formed throughout the bulk of
the solution. When the electrode potential was stepped into a region
where. acetonitrile 1s more great]y adsorbed from solution, the
acetonitrile from the bulk ¢f solution br1ngs the water comp]exed wit?
it to the electrode surface. Since the acetonitri]e is so strongly
absorbed the water probably is not adsorbed on the surfage, but it is -

complexed with acetonitrile on the surface and is in a strongly

hydrogen bonded form.

3.3 Conclusion ' ]

It is clear from the data presented here that the method
employed will be of great value in probihg changes in the structure of

the electrical double layer.



4.0 Solution Free Measurements

4.1 Results e R

-

The infrared difference spectra of the "so1utfon free species"
contain spectral features of the neltral and the electrogenerated
species. 1f an ahsorption S:nd does not changg upon the electroactive
molecule accepting (or delivering) an electron(s) from (or to) the wbrk~
ing electrode, it will not be observed in the differenéE spectrum. .The
absorption bands extending above the zero baseline correspond .to a de-
crease in absorbance (or disappearance) of the neutral specie;:: The ab-
sorbtion bands extending below the zero baseline correspond to an in-
crease in absorbance (or the formation) of electrogenerated species.

"The infrared difference spectrbm of 0.01IM behzophenone in ace-

tonitrile with 0.1M tetrabutylammonium tetrafluoroborate as the support-

ing electrolyte, is shown in Eigure 25. Table 10 lists the absorption //

band frequencies. The electrode potential was stepped from -1.75 ipfgg

to —?.5.V01tS vs Ag/Ag* reference electrode. The basérand the step
potentials were determined from the cyclic voltammogram of the above
solution shown in Figure 26, using a previously stated method. « The
infrared spectrum of 0.2M benzophenone in acetonitrile is siown in
Figure 27 (acetonitrile is subtracted from the spectrum). The absorp-
tion'band‘fréauenc‘ec with thedr vibrational assignments are listed in
»Table 11.

The infrared difference spectrum %f b.OOSM anthracenqﬁin‘aceton—

itrile, with 0.1M tetrabutylammonium tetrafluoroborate as the support-

ing electrolyte, is shown in Figure 28. Table 12 lists the absorption
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“Table 10

85

Bandgpos'ltions/cm-1 for difference spectrum of 0 01lM benzophenone in

. dcetonitrile with 0.1M TBAF and pulsed from -1.75 V to -2.5

Y

v vaAg/A gt

L

Positive’displaced bands

"Negative dfsp]aced bands

f£€£3vw3ILTn3x

e

- 2920

2966
2942

2887

' 2193
, 1555
- 1464

. <1401
o 1371

1 1249
1150

VNIEIFJnELEXZ

—
—
w
(=]
w
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1015 ww
970 s
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Figure 26. \Cyc‘lic voltammogram of 0.0IM benzophenone in acetonitrile
with 0.1M tetrabutylammonium tetrafluoroborate.
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. Table 11

Infrared Band positiqn/cm-l for. an infrared spectrum of 0.2 M

benzophenone in acetonitrile

Observed - { Literature (125) Assignment (126,90)
3086 vw . 3086
3068 w . 3066
.- 3061 . C-H Stretching
3038 ww 3036 N
' 3029 ’ i
1661, vs C . 1666 -C=0 Stretching .
lﬁooﬁm _ v 1601
1580 'w : * 1580 .
1449 s 1448 C-C Stretching
1320 s ' 1317 _
' 1306
2
1278 vs 1277
1178 w 1176
1158 C-H in Plane Bending
1151 w . 1151 : :
1076 w 1074
1029 w 1 1028
1000 w 1000 Overtone 641+370
988 ‘
971 C-H out of Plane Bending
944 . m } 941 1
9221 m 917
. ™
r © 875 .
813 w . 808
768 m : . 760 C-H out of Plane Bending
718 . .
709°vs . 700 Ring Breathing
640 s 641 C=0 Bending

88
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Figure 28. Infrared difference spect.fun_z»of 0.005M anthracene in acetbnit_rile
,c_qntaining 0.1M t?rabutylammonium tetraflyoroborate. Potential
modulation -1.5V ¥o =-2.5V. : '



Tablel2 4 . - o » ’

;Band positions/cm-l for difference spectrum of 0. 005 M aﬁthracene
in acetonitrile with 0.1 M TBAF and pulsed: from -1 5V to -2 5V vs
Ag/Agt reference

Positive displackd bands . Negative displaced bands
1623 w - + 3041 w
1124 ww 2680 ww
21102 W 1516 m
1000 ww 1323 vs
964 vw 1171 m ,
889 w < ’
.
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band frequencies. The base4and the step potentiais were ;1,5 volts and

‘ v

-2.5 volts vs Ag/Ag*t reference electrode respectiveiy. ‘These poten-

~ %
tiais were determined from the -cyclic, voitammogram of the above anxhra-

"~ _cene solution, which is shown in Figure 29. The infrared spectrum of

anthracene (KBr disc) s shown in Figure 30. The absorption band
frequencies with their assignments are iisted in Tabie 13.

The infrared difference spectrum of 0.005M tetracyanoethyiene in
acetonitriie dﬁt\~9 M tetrabutyiammonium tetrafluoroborate as the
supporting eiectolyte, is shown in Figure 31. Table 14 Tists, the
absorption band frequencies. Figure 32 is an expansion of Figure 31 to

observe the small absorptions. The base and the step potentiais were
‘,+0 25 volts and -0.25 volts vs Ag/Agt reference eiectrode

respectiveiy. These potentiais were determined from the cyclic voit-
'ammoqram of the above tetracyanoethylene soiution, which is shown in
| Figure 33. The infrared spectrum of tetracyanoethyiene (KBr‘disc.) is
- shown 1in Figure 34. The absorption band frequencies with their

assignments are‘]isted in Table 15.

~=>

91
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Figure 29. Cycllc voltammogram of 0. 005 M anthracene in_ acetonitrile

containing 0.1 M tetrabutylammonium tetrabutylammonlum
tetrafluoroborate.
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Table 13 ‘ o .

Infrared band position/cm-! for an infrared spectrum of Anthracene . o
(KBr Dis¢.) :

Observed Literature [91)] Assignment (91)
T o2
3089 b3, C-H stetch
3048 m 3058 bz, C-H stretch
3022 w 3026 } by, C-H stretch
3016
2987 w '
2972 bz, C-H stretch
1928 w 1935
1808 w 1815
1784 m 1794
1728 w 1733
1705
1674. '
1620 m 1623 by ring stretch
1533 ww 1536 . b3y ring stretch
1462 by, ring stretch
1448 m 1447 by ring stretch
4 1398 b3y ring stretch
1347 ww 1344 :
1315 m 1316 _ bpy ring stretch '
1272 w 1269 " bzy in plane bend
1166 ww 1165 b3, in plane bend
1146 m 1148 b2y in plane;bend
1126 ww 1126 e ' . ,
999 w 999 " b3, tn plane bend '
956 s 954 bjy C-H out of plane bending
906 m 966 bz, skeletal deformation
884 vs 883 : bjy C-H out of plane bending
860 w biy C-H out of plane bending
735 m ? ' bjy C-H out of plane bending |
725 s 727 bjy C-H out of-plane bending -
601 m 600 © blu s}eleta] formation

e e b et t re e e w— —— =t s ¢ we v w el n e ne————e = v 4 gmv b @ e e - r——— v

] !n_:n\ut‘loh
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Table 14

Band positions/cml for tetracyanoethylene pulsed from +0.25V to
. =0.25V vs -Ag/Ag* reference.

Positive .displaced bands - Negative displaced bands .
1155 w 2187 m
) 1123 w . 2148 vs
‘ 1083 ww | 1181 ww
1022 ww ' 891 w
950 ww - ‘

96
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Potential -v_é Ag/Ag+ Ref. _ o

’

- .
Figure 33. Cycllc voltammogram% 0 OOSM tetracyano ethylene in acetom.trlle

containing 0.1M tetrabytylammonlum tetrabutylammonlum
tetrafluoroborate.
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Table 15 b

Infrared band position/cm~l for an infrared spectrum of tetra- 3
cyanoethylene in KBr disc. ’ '
[

Observed Literature (124) Assignment (124)
2262 vs : 2262 Vg b1y C N stretch
2228 s ' 2229 Y15 b2y C N Stretch
2215 m 2214
2192 w 2202
1234 w 1232
: 1209 ‘ ,
1155 vs 1155 Vie b2y C-C Stretch
1139
1115 s 1114
1086 s 1086 .
1021 ‘m 1020
959 vs 959 V1 b1y C-C stretch
. 934 s 934 o
917 s 915
825 w 823
803 s - 804
796 o -,
715 ‘ ’ ' :
. 697 m 693 | , /[
676 w 671 ‘
578 s - 579 - . V11 biy C-C N bend
556 vs | 556 V23 b3y C-C N out of plane bend
A 537 '
442 Voa b3y (CN)-C-(CN) I P
: out of plane wag. =~ * A
427 m ! _ 428 Vi2 b2y C-C N ben$
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4.2 Discussion

Threé model compounds (tetracyanoethy]ene,.énthracene, and
benzophenong) were used to test whether this technique ié a viable
method for studying electrogenerated molecular ionsin solution. The
vibrational modes of the anion radicals ﬁroduced fr@m these c&mpounds
héve been studied previously by 1nfréred spectroséopy}(47, 114-119)_an33
by‘resonancé Raman spectroscopy (56, 120-123). -These particular
compgunds,were chosen because of the relative stability of>the anion
rad;:als in anhydrous acetonitrile. ”7£; ' |

The difference spectrum ofvbenzophenone shows changes in the

’ ébsorption band frequencies from’fhe ﬁeutra] molecule to the anion
radical, From the-difference spgctrum the C=0 stretchiﬁg frequéncy
shifts ‘from 1661 cm-l in the neutral molecules to 1555 cm-1 in g
ihé*anion radical. This shift is attributed io thelfact that since the
lowest unoccupied molecular orbital contains a significant contribution
‘from the C =0 band, it will be that bond that is most affected by
electron transfer (120). This is the orbital that the added electron
wi]]“most likely oécupy. A]éksand}ov-sg;J{L (123) stafed that the added
electron is localized in fhe C=0 orbital and alSo-indirect]y'effétts the
ring vibfafions. Both of these effects are apparent in the differenée
spectrum. The technique used in this study was compared with other
techniques (47; 119, 120) for studying the vibrational modes of 2
beﬁzophehone anion ;adica1. Téble 16 gives'a Comparison,of the ) 4
absprﬁ;ion bands determined in each technique. It is seén from the
table thaf‘the technique used.in this study correlated well with the

-

~other techniques.
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Table 16

Comparison oWband positions/cm-1 for benzophenone anion radical

\

Observed Tallant! Aleksandrov? Juchnovski3
2966 \
2942.
2920
2887
2193 ‘
: 1591 .
1635-1550 1551 - 1560
: 1480
1455 1454
1355-1405 1403 1396
( 1322
- 1288
1249 1225-1255 . 1260
1183 o
1150 1145 .~ 1150
1136 - ‘ - 1143
: 1080 A _
. 1027
1015 , 1019
' 993 *
970 : 976

814

1) Ref. 47 IRS in DMSO

2) Ref. 120 in THF (resonance. raman)
3) Ref 119 in THF (1nfrared)
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_;.Tabie 17

CompariSdn of band poSition/cm'l‘for anthracene anion radical

% :

J

C

Observed Li (116)
A
£ 0 3041w
L 2680 ww
' ' 1564 .
1516 m 1515
1448
- 1383
1323 vs 1320
1171 m s
. | - 1023
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A Spectrgmcmore difficult to 1nterpret is that of the
difference spectrdm of anthracene. The absorptién bands of the
anthracene aniqn radical appear to be much more intense than the
- absorption handsvof the neutral molecule. 'The reason for this
observation 15 nof uhder§tooq. The absorption bands observed'for the
anthrecene anion radfca] correlate well with those determined in a study
by Li g}+gl (116Y‘oh the potassium salts of anthracene. The band§
observea'¥0r“ohe potaSsium salt (one potassium to two anthracene
molecu1es)éorre1ated with the anthracene anion radical generated in
'th15'@d}k? (See figure 28 page 89 ). The ahsorption frequencies
found in Li's work and this one are compared in Table 17.

————— ' X

In the difference spectrum of tetraéyanoethy]ene-there are two

v

very intense'hends observed at 2148 cm-1 and 2187 cm-1 for the
" anion radical. These two bandsAare'assiéned to the CzN stetch, which'
agree "with Devlin et al's (114) assignmen;. The neutral molecule also
.has'two C=N stretches Vg and Vi5 (124). The decrease in absor-

bance of the C=N stretch of the neutral spec1es should be observed but/
it is not A possible explanation of this is that the band at -
‘2261 cm-1 for tetracyanoethy]ene is masked by a much more 1ntense

band at 2254'cm'1 for acetonitr1le,vthereby preyent1ng a proper ’
subtraction. The‘change in the C-C stretching frequency is also
observed in the difference §pectrum. The c-C efretch of the neutral
’specjes(v16) at 1155 am-1 shifts to 1181 and the C- C‘Q;retch of

the neutral spec1es(v]0)at 950 cm-1 shifts to 891 cm-f . | s
when the. anion radical 1s formed. The results reported previous]y ’ -
by Li-and Devlin are compllmentary to those reported = | uifi”

v . . B 'q, - . . £
T e . “ . . . o . -
. e . R » Y -

-
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in this study. This'is because the‘anion ra&ical is in solution and»yhee
stretch 1s”ﬁgi>1hfrared active. The reason Devlin Ez_gl‘dbsefved fﬁis
.bene in the solid state is because of a charge g8cillation qctiVation_
(112) of the C=C symmetric stretch v2 which 1 duced in the/dTh§1j
meta] salt of tetracyanoethylene The tetracyanoethylene anion radical

is probab]y not involved in any charge trahsfer comp1ex‘that will
give rise to the charge oscillation act1vat10n of V2 Thus,the‘c=g

symmetr1c stretch Vz is not observed '3
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4.3 Conc]us1on

The new techn1que described is a simple convenient method for |
obtaining spectra of e1ectrogenerated species.,'Lf;a molecular jon can
be generated e]ectrochemically4then“ftiithnobable that 1ts infrared .
spectrum can be obtained by using the eeScrihed techn1que Previeusly
] it has been difficult to obtain infrared spectra of molecular ions in
‘solution because of sample hand]ing and the large infrared absorptions
of the solvents used when generat1ng molecular ions. In this study,
1such effects are minimized by the use of extremely thin 1ayers df‘
~solution. '

This' technique sheds new 1ight on the‘subjeCt.of sthdyjng
molecular ions. When .an QIECtr°Q(§lvi5 added or removed frem a
molecular orbital of a neutra1 mo]ecule there is usually some change in
. .the molech]ar structure which in turn may change the symmetry and the

| bonding of the mo]ecu]ar ion from that of the neutral molecule. This

technique provides a unique simple method for obsefv1ng such changes.
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NXT 111

NXT XXX | |
END . |

FOR XXX - enables_loobing.sequence .
Tlg’--number of looping cycles
- NXT

retuhns'loqp,tg'BeQinhing

v

CLS
CLR

. ) [ N "
collects interferograms and stores in sample file,

collects 1nterferograms and stores in reference ffle

IOFN'

origin file number ) '
o DFN - destination file nuwbgr “le“’*" ".4,
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