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KRe-Usable Thin-Layer Spectroelectrochemical Ceil

Systems

W. Andrew Nevin and A.B.P. Lever*

(Toronto), Ontario M3J 1P3, Canada.
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A thinrlayer spectroelectrochemical cell for use with aqueous or organic

>y

solvent systems is described and evaluated. The cell design, comprising a

P working chamber formed by sandwiching Teflon spacers between two optical

{ windows and a Teflon body, allows versatility or the working electrode
% material, and 1is easily dismantled and reassembled. Variation of the
k window material permits measurements to be made over a wide spectroscopic
ﬁ range, from the uvfvisible to the infrared regions. The performance of
) the cell is assessed for a gold minigrid working electrode in the
ZA uv-visible region using the oxidation of (Z,9.,16.23-tetra(neopentoxy)-
1
5 phthalocyaninato]zinc to its(fiégtion radical in o-dichlorobenzene, and

in the infrared region by investigating the reductions of bis(2,2'-bi-
EX pyridine)(<, 2’ —azodipyridinejruthenium(II) bis(hexarluoropnosphate) in

deuterated dimethylsulfoxide.
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technique in many labor=ztories tor the character. st . -« Tt e Teedl s a0t

SPECLroscopic properties O «i1eCtroictlve @ pec.os L DT FL A W P I
desi1gns o1 optically transparent thin-laver ity e 10k v S e
been reported, based on a varliety oI WOLKINE o= " rode Bater o, S e
gold minigrid, platinum gauze, vitreous caropon, IMEeLAai -ari. ° of X i it
thin metai or caroon tilms. Kefativeiy simple cCeil 1&sipns fave Lie: el

successtfully with aqueous solutions; however, ditficultiles Arise  wity,
organic solvents, since these attack the adhesives commoniy useda in -e'l
construction, so that cell lifetime is severeiy iimitea. As 2 resujt.
most <cells designed 1for wuse with organic soivents have oonsi_ted ol
compliex assembiles, with inconvenient construction and 1n wnich cleaning
or replacement of the working electrode is otten difficu.st. particuiariy
with the tragile gold minigrid (2-6). An 1mproved cell has recenicly teer
repbrted by Lin and Kadish (6) which shows exceilent «iectrochemica:
behavionr; however, it requires a fairly robust platinum gauze WOrK1nNg
electrode. As yet, no design has been reported for organic solvents which
allows convenient assembly, cleaning and versatillty 1 WOIK1INg e;ectrode
material.

We report here A re-usable OTTLE ceil 1in whichn a g2 minieryd
working electrode 1s sandwiched between Teflon sracers and 4 foetlon o1y
without the use of epoxies or other adhesive materiiis. .earige 15 npot
a problem over the normai  oxperimental time periodo e IR LA

easily dismantled Tor oleaning or replacement oI the ol MInLerid

rapildly reassemblead. [t can be used under degassed Conditions with
Agueous solution or a vAariety ot common Drganlo lect e eeml g
solvents, such as o-dicnlorobenzene, N, N-dimethyl: rmami 1. oy bene
carbonate and dimethylsulphoxtide. A selul teatare 1 Tiec e, Lt
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. Ver:atilily over a wWlle Spectroscoplc  range DY varvying  thne  Winaow

p.

vy MAaLeer: al g rrom the uv -v1isible-near L r rauartT. o ryvrexi to tne
inrrarel redloons o Nagcooak2, sl L1%tle use nas bdDeen made ~t UTTLESs

o

-

o ih T LLIraren reg.nmn ot 1nterest Appedars 1O 11Aave: heen Arowling

. Yee el Y 3,040

. fre ise "t *ne rcet1 1n tne uv-visible region 13 1llustratea by the

'y ,

: GE LT L0 1 t£,9,1b,23-tetraineopentoxy jphthalocyaninatojzinc

e venTNPei -1 a1n o-dichlorobenzene, and in the infrared region by the

) reduction ot [bis(Z,2'-bipyridine) (2,2’ -azodipyridinejruthenium(II)

\ -

: bis{hexarluorophosphate) {ku(bpy)2 (Azdpy)(PFs ) in deuterated

.

Y dimethylsultfoxide.

9 Lxperimental sSection

L ]

. Cell Construction

‘ The design or the thin-liayer celi 1s shown in tigure 1. The working

o chamber :s tormed by sanawiching two Teflon spacers petween two windows,

L and r~ontains a semi-transparent gold minigrid (500 wires/inch, 850%

N

~ transmittance, Buckbee Mears Co., 5t. Paul, MN) as the working electrode,

‘ platinum foil as the counter, and silver foil (Aldrich, U.0Z25 mm

L]

s thick} or Agll coated silver toil as the reference electroae. lhis last was

‘, prepared e2lectrochemically by passing an anodic current of ca. 15 HA/cmé

v for 30U min through tne silver toil immersed in U.1 M HCl (1b5). The pure

x
silver rfoil reterence will drift up to 10UmY which can be an inconvenience.
The Agil coated foil 1s much more stable., and 1s preferred, <=specially if
the solution can tolerate chloride i1on as the supporting electroiyte anion.

s, The counter and reterence ejectrodes are separated trom each other anda

-

t

D trom the working s lcectrode by two rolls or Tetflon tape. The assembly is

he:ld  between two Tetflon holiders wnich are tightenea tousether to give a

) pressure seal between the Teflon spacers and windows. e dimensions ot

,iei;ﬂ;\'g'\'u-\-\r T“f‘:"”' ‘ e ,-,?f?f:f‘J'ai'jf:f:f{Jﬂféfif;J“fki.“.’.'-“.fn'\i\‘g'&'\Z\' DN NN




. <

WP
Wil

14/10/87 Anal. Chem. ACB8704541 -=5--

the working chamber are defined by the size and thickness of the Teflon
spacers. In this study the cell thickness was (.45 mm, with a chamber
volume of 100 ul. Electrical contact to the gold minigrid is made outside
the working chamber by attaching a tinned copper wire with molten indium
metal using a soldering technique. Contacts to the counter and reference
electrodes are made using microgator clips. Further information on the cell
design may be obtained from the Authors.

The cell is filled via hypodermic needles inserted between the
Teflon spacers, and in order to eliminate oxygen, cell filling may be
carried out under an inert atmosphere using degassed solutions. An
assembled cell can usually be used for several experiments, by cleaning

ezch time with a suitable solvent, via the hypodermic needles.

Materials

| ZnTNPc(-2) (16) and Ru(bpy)z (Azdpy)(PFs )2z (17) were prepared as
described elsewhere. o-Dichlorobenzene (DCB; Aldrich, uola Labet) and
deuterated dimethylsultfoxide (DMS50-dé; MSD Isotopes) were used as supplied.
Tetrabutylammonium perchlorate (TBAFP; Kodak) was recrystailised from
absolute ethanol and dried in a vacuum oven at 5U°C for . days. Lithium
chloride (Anachemia. reagent grade) was dried at l2uoC for 24 h. Water was
purified by double distillation over KMnUs4, folluwed by passage through a
Barnstead organic removal cartridge and two Barnstead mixed resin Ultrapure

cartridges. All other chemicals used were or anaiytical arade.

Methods
Electronic spectra were recorded with a Hitachi: Perkin-flmer
Microprocessor Model 340 spectrometer. Ilntrared spectra were recorded

nsing a Nicolet Model $X20 Fourier Transform I[nfrared #Tli) spectrometer.

~
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A gain of 16 and 84 3cans per spectrum were used for the FTIK
measurements. Electrochemical measurements were made with a fFrinceton
Applied Research (PAK) Model 174A polarographic analyzer coupled to a PAR
Model 175 universal programmer. The thin-layer celil was tilled under an :
atmosphere of nitrogen in a Vacuum Atmospheres Drilab i(organic solutions)

or a glove bag (aqueous solutions). DM3U-ds solutions were prepared in

the dry box. DCB solutions were prepared in air., degassed by repeated

freeze-pump-thaw cycles, and then transtferred to the dry box. Agqueous

solutions were degassed by purging with nitrogen gas.

The optical window material may be variea according to the "
spectroscopic range required. In this study, ryrex windows were used Ior :
the uv-visible region, and sodium chloride windows 1or the 1ntrarea )
measurements. N

v
Results apnd Discussion “

The electrocnemical characteristics of the celi were assesseq ror
aqueous solution using the [Fe(CNjs ]3-/[Fe(CN)s j4- coupie 1n 1 1 aNus "4
solution, as shown in Figure 2. The cycliic voitammetric waves are ainost. s

P
symmetrical, and the rcurrent returns approximateiy to rhe vaselilne Atter :

each peak maximum, indicating that the cell closely toilows tne expected

ideal thin-layer behaviour (18), and that edge effects are small. Rome Q0
effects of the resistance ot the thin solution laver are ocrserved. as
evidenced by an increase in peak to peak separation wWitn in2reasling scan
rate from l5 mV at IlmV/s to lUU mV at lUU mv,/s. reak Lo pesk separatlions
measured at several scan rates are given in Table 1.

Urganic solutions give a greater deviation trom Pdesia | bahaviour. ‘-
Peak to peak separations are larger than tor aqueous rciut.on, retlecting

a higher ik drop across the thin layer. Fiaures 3 ana - W The presuafts

o

A SRR O ARt
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obtained for the rirst oxidation of ZnTNPc(-4) to 1ts w-cation radical,
[ZnTNPc(-1)1*, in DCB solution with 0.3 M TBAP as supporting electrolyte. ;
The cyclic voltammogram (KFig. 3) shows well defined tairly symmetrical
waves, having a peak to peak separation of 240 mV at a scan rate of 1

mV/s. Figure 4 shows the formation of the w-cation radical species upon
oxidation across this couple. The final spectrum is very similar to those 1

recently reported (19) for the electrochemical and photochemical oxidation |

N

of the unsubstituted zinc phthalocyanine derivatives, ZnPc(im) (im =
imidazole) and ZnPc(py) (py = pyridine), respectiveliy, in dichloromethane
solution. The spectroscopic changes are fully reversible to the initial
species upon re-reduction. Time for equilibrium at each potential is ca.
15 min in DCB solution; however, in more conducting solvents such as
N,N-dimethyltformamide, equilibrium is reached within 5 min.
The OTTLE cell can easily be adapted for the infrared region by ]
using NaCl or another suitable window material, and by choosing a
solvent/electrolyte combination whose absorption is low in the region of
interest for the compound under investigation. Use of the FTIR technique
enables one to subtract out the solvent/electrolyte absorption from the .
sample solution to leave the pure sample spectrum. \
As an example, we report the reduction of Ru(bpy)z (Azdpy)(lFFe )2 1in .

DMSOU-de  with LiClL as supporting electrolyte. This solventselectrolyte y

combination gives a spectroscopic window in the region of 1100 - 1700
cm- L, where i1mportant infrared bands of this complex occur. upectra were U
obtained by subtraction of the spectrum of a ‘'blank’ solution ot LiC) 1in N

DMS0O-ds in the OTTLE cell taken through the gold minigr:id, trom that
containing the sample. The subtracted spectrum or the sample 1n solution
was  found to he almost identical to that measured 1n a npr di1sc, with

little shifting of the band trequencies. Table [l iists the frequenciles .

A
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» of the main absorptions in the region of 1200 - 1600 cm-1. The principal
N features (17) are the occurrence of a strong band at 1334 cm-{ due to the
oy azo N=N stretching mode, and several strong overlapping bands in the

X regions of 1430 - 1500 cm-! and 1560 - 1600 cm-!, assigned to azopyridine

e ring and bipyridine modes. A shoulder at 1317 cm-! is also associated

f with the azo group, and is probably an (Naz-C) mode (17,20). The cyeclic
% voltammogram (17) of Ru(bpy)z(Azdpy)(PFs)z in DMSO/LiCl shows two

# reversible one-electron reductions, at -0.76 V and -1.29 V versus the

? ferrocenium/ferrocene couple, corresponding to the consecutive addition of
)

? electrons to the azo N=N bond (17,21).

§ Figures 5(a) and 5(b) show the spectroscopic changes observed on

ﬂ: reduction of a solution of 0.011 M Ru(bpy)2(Azdpy)(PFe )2 in DMSO-de with
2: 0.09 M LiCl, across the first and second reduction couples, respectively.
i The main bands of the reduction products are given in Table II. Reduction
; acrﬁss the first reduction wave results in several changes in the peaks

? between 1400 and 1600 cm-1. The band at 1605 cm-! shows a large decrease
; in intensity, while small shifts of 3-5 cm-! to lower energy are seen for
K the bands at 1583 and 1568 cm-!. In the region of 1400 cm L. the 1467 and
3 1447 cm-! bands disappear, while new bands appear at 1457 and 1413 cm-! .

3 Change in specific bands, however, are difficult to follow due to the

¥, overlapping nature ot the azopyridine and bipyridine absorptions. The
band assigned to the azo group shows a reduction in intensity relative tao

those at 1400 eom-1, and is shifted by 20 em-! to lower «nergy, consistent

-

with the addition of an viectron to the N=N bond (17,21,

v X
a.a A KO

In torming the

second reduction product, the azo peak at 1304 cm-! dJdisappears and a

single relatively more intense band appears to lower energy, at 1295 cm-1 .

veveral changes also occur in the region of 1400U-16800 cm-t as shown in

1 Fig. 5(b), notably a merging ot the bands near 1600 em-t 15t ane broad
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multiple band at 1602 cm '. These spectroscopic changes are reversible i\
¢
upon re-oxidation to the initial species. "
The results reported here have been obtained using a gold minigrid §
working electrode. However, an attractive feature of the cell is that H
many other electrode materials can be easily incorporated. We have b

obtained satrisfactory spectroelectrochemical performance using windows
coated with a conducting layer of tin oxide or thin carbon film as the
working electrode. Similarly, the cell may readily be used with semi-
transparent metal film electrodes, or other electrode materials, such as :
platinum gauze. E’

In summary, the thin-layer cell described here has several advantages ;
over many previous cell designs. These 1include versatility of the ey

spectroscopic range and electrode material, good electrochemical

behaviour, ease of cleaning and assembly, and suitability for use with

aqueohs or organic solutions. In particular, the cell allows the

~
convenient and rapid acquisition of infrared data on redox species, an ;f
area which has been neglected in the past, but which can provide important ;.
information concerning the nature of the redox species and the =
electrochemical processes taking place.

No problems were experienced in recording the spectra of air :’
sensitive materfials even chough there is evidence that Teflon s o
somewhat permeable to oxygen. Where extreme air sensitivity is a problem, :
Kel-F might be used for the spacer material. E'
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Figure Legends

Figure 1. Schematic diagram of the thin-layer spectroelectrochemical

cell: (a) front view; (b) side view; (c) assembly of the cell.

Figure 2. Thin-layer cyclic voltammograms of | mM KiFe(CN)g In 1 M KNO,,
recorded at potential scan rates of (a) 100 mV/s (__), and (b) 1mV/s

(—--). The reference electrode is AgCl-coated Ag foil.

Figure 3. Thin-layer cyclic voltammogram of 4.5 x 10-4 M ZnTNPc in DCB
with 0.3 M TBAP. Scan rate = ] mV/s. The reference electrode is AgCl-

coated Ag foil.

Figure 4. Development of the thin-layer spectra with time for the

oxidation of 1.6 x lt)_4

M ZnTNPc(-2) in DCB with 0.3 M TBAP. The
reference electrode is Ag foil. Reading from the top spectrum down, the
percentage of un-oxidised material is 100, 95, 69, 56, 39, 21, 12, 6,

2, OX. The experiment is complete in about 15 minutes.

Figure 5. Development of the thin-layer FTIR spectra with time for the

reduction of 0.011 M Ru(bpy)z(Azdpy)(PF in DMSO—d6 with 0.09 M LicCl:

62
(a) first reduction; Reading from the top spectrum down, the percentage
of un-reduced material is 100, 71, 54, 34, 0%. (b) second reduction.

The reference electrode is Ag foil. THe experiment is complete in about

15 minutes.
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X Table I. Peak to Peak Separations ( E) of the Fe(CN)s3- /Fe(CN)s4-

Couple in 1 M KNOs Solution.
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