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In this paper, we report on the preparation of interhalogen ionic liquids of the general formula [K*]XY,~, where K*
= 1,3-dialkylimidazolium, 1,2,3-trialkylimidazolium, or N-alkylpyridinium; XY,~ = IBr,~ or I,Br~. These compounds
were characterized in solution and the solid state by NMR, IR, Raman, and mass spectroscopy. The crystal structure
of the compound [Me,Bulm]IBr; (7) shows that the IBr,~ anion has a linear Br—I-Br structure. Indications of an
equilibrium between different forms of XY, anions in solution are observed. Interhalogen ionic salts and liquids
were used as electrolyte components for encapsulated monolithic dye-sensitized solar cells. Overall light-to-electricity
conversion efficiencies up to 6.4%, 5.0%, and 2.4% at 1000 W/m? were achieved by using electrolytes based on
interhalogen ionic salts and y-butyrolactone, glutaronitrile, or native ionic liquids as solvents, respectively. Moreover,
in terms of stability, the cell performance lost 9-14% of the initial performance after 1000 h illumination at 350
Wim2,

1. Introduction lonic liquids based on 1,3-dialkylimidazolium iodides have

Dye-sensitized nanostructured solar cells (DSCs), which been widely used as solvents for DST%® However, the
were presented in 1991 by Gzal, provide an alternative  relatively high viscosity of this type of imidazolium ionic
concept to the presentim junction photovoltaic devicés. liquids appears to limit their use because of transport
DSCs have been intensively investigated during the pastlimitations. In order to decrease viscosity, mixtures of ionic
decade because of their potential low cost of production andliquids containing different anions have successfully been
high-energy conversion efficienéy® One concern for  testec®® lonic liquids based on alkylimidazolium cations
practical applications of DSCs is the use of electrolytes basedwere also used as key components for quasisolid (gel)
on organic solvents. Attractive alternatives to organic solvents electrolytes 12 Different organic gelatofs!! or inorganic
are nonvolatile, room-temperature ionic liquids. In addition, additive$213 have been used in order to solidify alkylimi-
ionic liquids have favorable features such as chemical dazolium ionic liquids; overall light-to-electricity conversion
stability, relative nonflammability, and a wide electrochemi- efficiencies of about 67% have been achieved for certain

cal window. quasisolid electrolyte®s
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Aside from 1,3-dialkylimidazolium ionic liquids, other

attractive as solvents or components of electrolytes for DSCs.

types of molten salts have been tested as solvents for DSCsThere is also a possibility that lower optical absorption in

Thus, it was found that trialkylsulfonium polyiodides exhibit
good electrical conductivit} We have recently reported that

DSCs with iodine-doped trialkylsulfonium iodides as elec-

trolyte achieved an overall light-to-electricity conversion
efficiency of 3.7% at a light intensity of 0.1 Sun (100
W/m?).1> Moreover, metal-iodide-doped trialkylsulfonium

the visible region of the spectrum may allow higher halogen
concentrations, and thus, an extra enhancement of transport
efficiency may be achieved. Also, interhalogen anions XY
consisting of different halide atoms X and Y in conjunction
with the corresponding halide ions>r Y~ can act as new
redox couples with more efficiently adapted energy levels

iodides have been investigated as electrolytes in DSCs; anwith respect to the sensitizing dye and counter electrode.

overall light-to-electricity conversion efficiency of 3.1% (0.1

In the present work, we describe the preparation and

Sun) was achieved by using an electrolyte based on & (Bu characterization of new interhalogen ionic liquids, and their

MeS)I:Agl:l, mixturel6

use as key components in electrolytes for dye-sensitized solar

It is well-known that strong interaction between cations cells. Three types of electrolytes, based on glutaronitrile,
and anions in ionic liquids determines their physical proper- y-butyrolactone, or native ionic liquids as solvent, have been
ties, and in particular their viscosity. This fact was used for studied.
the preparation of nonviscous ionic liquids and their use as
electrolytes for DSC32 The iodide/triiodide redox couple
is commonly used in DSCs. The diffusion coefficient of the
triiodide ion strongly depends on the viscosity of electrolyte.
Hence, chemical modification of the anionic and/or cationic
part of an ionic liquid can decrease its viscosity, with
improved performance of the solar cells as result.

The chemistry of trihalide anions in solution and in the

2. Experimental Section

2.1. Materials and Instrumentation. Glutaronitrile andy-bu-
tyrolactone were distilled under reduced pressure before use. All
other reagents and solvents were obtained from commercial sources
and used as received. C, H, and N elemental analyses were carried
out by Mikro Kemi AB (Uppsala, Sweden).

All quantum chemical calculations were performed using Gauss-

solid state has been widely studied for many yéar®.The
nature of bonding in trihalide anions has been analyzed.

ian03 (rev B.04}%° Quasirelativistic effective core potentials were
used for both Br (28 electrons) and | (46 electrofis)he valence

The crystal structures and vibrational spectroscopic data areSPaces of the halogens were uncontracted of (5s5p1d) and (7s6p1d)

obtained for salts containing organic as well as inorganic

cations??-26 The synthesis and properties of 1,3-dialkylimi-

dazolium ionic liquids containing interhalogen anions such

as IBr, ICl,, etc. have recently been reportéd® These
interhalogen ionic liquids (lILs) show much lower viscosity

quality for Br and I, respectivel§2-31Calculations were made using
the hybrid functionals B3LYP and B3PW91, as well as perturbation
theory using the second-order MghdPlesset method. In order to
investigate the polarizing effect of a dielectric solvent, the
implemented version of the polarizable continuum model (PCM)
based on the integral equation formalism was used for water (

in comparison with the corresponding iodides; in some cases, 78.39), acetonitrile= 36.64), and benzene € 2.247). The united

the difference is a factor of 16620028 This fact makes IILs

(14) Stegemann, H.; Reiche, A.; Schnittke, A.; Fullbier,Bfectrochim.
Acta 1992 37, 379.

(15) Paulsson, H.; Hagfeldt, A.; Kloo, L1. Phys. Chem. R003 107,
13665.
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atom model employing default radii was used to create the spherical
cavities around all atoms in the interhalogen molecules studied.

Positive-ion FAB mass spectra were obtained on a Trio 2000
instrument by bombarding 3-nitrobenzyl alcohol matrices of the
samples with 8 keV Xe atoms. Mass calibration for data system
acquisition was achieved using Csl.

Electrospray ionization mass spectra were recorded on a Bruker
esquire 3000 ion trap mass spectrometer, in both positive and
negative ion modes, equipped with an orthogonal electrospray
interface (Bruker Daltonics, Bremen, Germany). The Bruker

(29) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb,
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Daltonics esquire 5.2 (Build 382) software bundle consisting of was used as source of illumination. The lamp was calibrated versus
Bruker esquire Control 5.2 (Build 63.8) and Bruker Data Analysis the solar spectrum, and the efficiencies correspond to the AM 1.5

3.2 (Build 121) were used for acquiring spectra and data analysis, spectrum.

respectively. The samples were delivered at a flow rate ot/

2.2. Synthesis of Interhalogen lonic Liquids. General Pro-

min using a syringe pump 74900 from Cole-Parmer Instrument cedures for Preparation of 1—14. The starting materials, alky-

Company (Vernon Hills, IL), and Nwas used as drying and
nebulizing gas (flow rates 5 L/min).

limidazolium or alkylpyridinium iodides or bromides, were prepared
by the reaction of 1-methylimidazole, 1,2-dimethylimidazole, or

Raman spectra were recorded with a Bio-Rad FTS 6000 pyridine with alkyliodides or alkylbromides in tetrahydrofuran

spectrometer equipped with a low-power Nd:YAG laser=1064

(boiling for 3 h with following washing with tetrahydrofuran and

nm) and a liquid-nitrogen-cooled, solid-state Ge diode detector. A drying under dynamic vacuum). Corresponding alkylimidazolium

resolution of 4 cm! was used. Typical laser power at the samples
was 500-800 mW.

or alkylpyridinium iodide (10 mmol) was dissolved in chloroform
(10 mL), and the solution was cooled to°& (ice bath). An

IR spectra were recorded with a Bio-Rad FT-375C spectrometer equimolar amount of Bror IBr was dissolved in chloroform (5

using NaCl plates for neat liquids or chloroform solutions.

IH and*3C NMR spectra were obtained on a Bruker DMX 500
spectrometer. The spectra were recorded at 298 K in ¢&x@iition
using TMS as external reference.

Diffraction data were collected on a Bruker-Nonius KappaCCD
diffractometer. Numerical absorption corrections were apgfed.
The structure was solved using direct meti#ddsd refined or-2
with anisotropic thermal parameters for all non-H atéfid.atoms
were refined on calculated positions using a riding model. CCDC-

mL), and the solution was added drop-by-drop to the solution of
alkylimidazolium or alkylpyridinium iodide under stirring. The
temperature of the mixture was kept in the intervall® °C during

the whole reaction time. The color of the solution turned from
transparent to dark brown when the first drops of &rIBr solution

were added (probably because of formation of iodine), but in the
end of the reaction it became orange-red, and two phases formed.
The upper layer was removed, and the remaining red-orange oil
was heated at 50C for 1 h under reduced pressure. The yield was

605792 contains the supplementary crystallographic data. These80—95%.

data can be obtained free of charge from the Cambridge Crystal-

1-Methyl-3-ethylimidazolium lododibromide, 1. Red liquid.

lographic Data Centre via www.ccdc.cam.ac.uk/data_request/cif. |R (liquid film): 3143 (vs), 3108 (vs), 2980 (m), 2949 (w), 1568

Electrochemical experiments (cyclic voltammetry and conductiv-

(vs), 1462 (s), 1446 (s), 1385 (w), 1336 (w), 1165 (vs), 1087 (w),

ity measurements) were performed using a CHI-660 electrochemical 1026 (w), 958 (w), 829 (s), 743 (s), 700 (w), 642 (m), 619 (s)

work station. Cyclic voltammetry and differential pulse voltammetry
were recorded in acetonitrile (concentration of IILs was 1.25 mM)
under nitrogen atmosphere. Scan rate was 0.5 V/42and 0.1
V/s for 7 and [HexPylh. Supporting electrolytentC,Hg),NPFs in
acetonitrile (50 mM), Pt foil as counter electrode, AgfAgs
reference electrode were all used.

The diffusion constant®(A~) of I3, IBr,~, and bBr~ were
determined by measuring the limiting current dengity, according
to the following equatio#?

Jim = 2nGD(A)c(AIN/d

wheren is the number of electrong,is the elemental charge(A ™)
is the concentration oft, IBr,~, or I,Br—, andN, is Avogadro’s
constant. Cyclic voltammetry was performed to measgaising
a two-electrode cell consisting of two platinized conducting glass
electrodes separated at a fixed distadqg0 «m) and connected
to a potentiostat.

The overall light-to-electricity conversion efficiencyy)( fill
factor (FF), open-circuit voltageV(y), and short-circuit current
density (s were obtained through the currentoltage character-

cm L. ESI-MS: m/z = 111 [MeEtim'], 287 [IBr,"], 334 [I,Br-].
H NMR (CDCls, 500 MHz): 0 1.62 (t, CH), 4.05 (s, N-CHjy),
4.35 (g, N-CHy), 7.14 (d, CH), 7.31 (d, CH), 9.08 (s, CH) ppm.
13C NMR (CDClk, 500 MHz): 6 15.5 (s, CH), 15.8 (s, CH), 37.5
(s, CH), 45.9 (s, CH), 46.1 (s, CH), 122.1 (s, CH), 122.4 (s,
CH), 123.8 (s, CH), 123.9 (s, CH), 136.3 (s, NCN), 136.4 (s, NCN)
ppm.

1-Methyl-3-propylimidazolium lododibromide, 2. Red liquid.
IR (liquid film): 3142 (vs), 3105 (vs), 2965 (vs), 2876 (m), 1568
(vs), 1456 (s), 1426 (m), 1340 (w), 1166 (vs), 1088 (w), 1018 (w),
902 (w), 829 (s), 799 (w), 748 (s), 647 (m), 620 (S) CMESI-
MS: m/z = 125 [MePrInT], 288 [IBr,7], 334 [I,Br], 381 [I7].
H NMR (CDCl3, 500 MHz): 4 0.99 (t, CH), 1.96 (sextet, Ch),
4.06 (s, N-CHjy), 4.23 (t, N-CHy), 7.34 (d, CH), 9.30 (s, CH)
ppm.13C NMR (CDCk, 500 MHz): 6 11.0 (d, CH), 23.7 (d, CH),
37.4 (d, CH), 52.2 (s, CH), 122.4 (s, CH), 123.8 (s, CH), 136.7
(s, NCN) ppm.

1-Methyl-3-hexylimidazolium lododibromide, 3. Red liquid.
IR (liquid film): 3141 (s), 3107 (s), 2954 (vs), 2930 (vs), 2857
(s), 1566 (s), 1561 (s), 1464 (s), 1457 (s), 1377 (w), 1338 (w),
1164 (vs), 1104 (w), 829 (m), 742 (m), 648 (w), 619 (s)¢ém

istics of a solar cell at room temperature. These were monitored Anal. Calcd for GoHigN2IBr2: C, 26.45; H, 4.19; N, 6.17. Found:
and recorded using a computerized Keithley model 2400 source C, 26.8; H, 4.4, N, 6.3. FAB-MS: m/z = 167 [HexMelnT]. 'H

unit. A microwave-powered sulfur plasma lamp, Light Drive 1000,

(32) A red crystal of7 was selected for X-ray structural analysis on a
Bruker-Nonius KappaCCD diffractometer at 299 K. The compound
crystallized in the space groupRi/c, monoclinic,a = 15.2999(10)

A, b=7.7057(5) Ac=13.4781(5) A = 111.123(4), V = 1482.25-
&15) A3, Z =4, peaca= 1.972 gcm 3, Mo Ka radiation,A = 0.71073

. Final Rvalues: R1= 0.0651, wR2= 0.1519; GOF= 1.156 for
2572 unique reflections and 130 parameters. Herrendorf, VW5 Ba
nighausen H.: HABITUS, a program for numerical absorption
correctiony Universities of Giessen and Karlsruhe: Germany, 1997.

(33) Sheldrick, G. SSHELXS97, a program for crystal structure solution
University of Gdtingen: Gitingen, Germany, 1997.

(34) Sheldrick, G. SSHELXL97, a program for crystal structure refine-
ment University of Gdtingen: Gitingen, Germany, 1997.

(35) Hauch, A.; Georg, AElectrochim. Acta2001, 46, 3457.
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NMR (CDCls, 500 MHz): 0.83 (t, CH), 1.28 (br, (CH),), 1.34
(brs, CH), 1.90 (quintet, Ch), 4.04 (s, N-CHj), 4.23 (t, N-CH,),
7.33 (s, CH), 7.36 (s, CH), 8.89 (s, CH) ppf#C NMR (CDCE,
500 MHz): 6 14.0 (s, CH), 22.4 (s, CH), 26.0 (s, CH), 30.2 (s,
CH,), 31.0 (s, CH), 37.6 (s, CH), 50.9 (s, CH), 122.6 (s, CH),
124.0 (s, CH), 136.1 (s, NCN) ppm.
1-Methyl-3-hexylimidazolium Bromodiiodide, 4. Red liquid.
IR (liquid film): 3139 (s), 3103 (s), 2952 (vs), 2928 (vs), 2856
(s), 1568 (s), 1561 (s), 1464 (s), 1457 (s), 1376 (w), 1338 (w),
1163 (vs), 1104 (w), 1021 (w), 826 (m), 740 (m), 648 (w), 618 (s)
cm L. ESI-MS: m/z = 167 [MeHexIm']. IH NMR (CDCl;, 500
MHz): 0.83 (t, CH), 1.28 (br, (CH),), 1.35 (br, CH), 1.91 (quintet,
CHy,), 4.05 (s, N-CHg), 4.25 (t, N-CHy), 7.33 (s, CH), 7.36 (s,
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CH), 9.01 (s, CH) ppm!3C NMR (CDCk, 500 MHz): 6 14.0 (s,
CHj3), 22.4 (s, CH), 26.0 (s, CH), 30.2 (s, CH), 31.1 (s, CH),
37.8 (s, CH), 51.0 (s, CH), 122.6 (s, CH), 124.0 (s, CH), 136.3
(s, NCN) ppm.

1-Methyl-3-dodecylimidazolium lododibromide, 5. Yellow
solid. IR (liquid film, solution in CHCJ): 2993 (s), 2927 (vs), 2855
(s), 1587 (w), 1568 (m), 1462 (m), 1426 (w), 1378 (w), 1164 (s),
822 (w), 620 (m) cmt. ESI-MS: my/z = 251 [MeDodIm'], 286.7
[1Bry7], 334.2 [LBr~]. IH NMR (CDCl;, 500 MHz): 0.80 (t, CH),
1.18 (br, (CH)7), 1.31 (br, (CH),), 1.90 (quintet, CH), 4.05 (s,
N—CHjy), 4.22 (t, N-CH,), 7.32 (s, CH), 7.35 (s, CH), 8.85 (s,
CH) ppm.13C NMR (CDCk, 500 MHz): 6 14.1 (s, CH), 22.6 (s,
CHy), 26.4 (s, CH), 29.0 (s, CH), 29.3 (s, CH), 29.4 (s, CH),
29.5 (s, CH), 29.6 (s, CH), 30.2 (s, CH), 31.9 (s, CH), 37.7 (s,
CHy), 51.0 (s, CH), 122.6 (s, CH), 124.0 (s, CH), 136.2 (s, NCN)
ppm.

1-Methyl-3-propylimidazolium Tribromide, 6. Red liquid. IR
(liquid film): 3143 (vs), 3108 (vs), 2965 (vs), 2935 (w), 2876 (m),
1566 (vs), 1457 (s), 1387 (w), 1339 (w), 1165 (vs), 1104 (w), 1088
(w), 832 (s), 746 (s), 647 (M), 620 (S) CAMESI-MS: m/z= 125.2
[MePrim*]. IH NMR (CDClz, 500 MHz): 6 0.70 (t, CH), 0.99 (t,
CH), 1.69 (sextet, Chj, 1.96 (sextet, Ch), 3.77 (s, N-CHs), 3.97
(t, N—CHy), 4.05 (s, N-CHjy), 4.24 (t, N-CH,), 7.22 (d, CH), 7.32
(d, CH), 8.57 (s, CH), 9.05 (s, CH) pprt*C NMR (CDCk, 500
MHz): 6 10.9 (d, CH), 23.6 (s, CH), 23.7 (s, CH), 37.3 (s, CH),
37.4 (s, CH), 51.9 (s, CH), 52.2 (s, CH), 122.3 (s, CH), 122.6
(s, CH), 123.7 (s, CH), 123.9 (s, CH), 135.6 (s, NCN), 136.5 (s,
NCN) ppm.

1,2-Dimethyl-3-butylimidazolium lododibromide, 7. Dark red
solid. IR (liquid film, solution in CHC}): 3134 (s), 2989 (s), 2961
(vs), 2933 (s), 2872 (m), 1587 (s), 1535 (s), 1463 (s), 1459 (s),
1418 (m), 1381 (m), 1340 (w), 1232 (s), 1183 (w), 1132 (m), 1037
(w), 626 (w) cntt. Anal. Calcd for GHy/N2IBry: C, 24.56; H,
3.87; N, 6.37. Found: C, 25.5; H, 3.9; N, 6.5. FABIS: m/z=
153 [MeBulm]*. IH NMR (CDCl;, 500 MHz): 6 0.89 (t, CH),
1.33 (sextet, Ch), 1.77 (q, CH), 2.67 (s, Gng—CHz), 3.85 (s,
N—CHs), 4.06 (t, N~CH,), 7.25 (s, CH), 7.30 (s, CH) ppmsC
NMR (CDCls, 500 MHz): 6 11.0 (s, CH), 13.7 (s, CH), 19.8 (s,
CHy), 31.7 (s, CH), 36.5 (s, CH), 49.2 (s, CH), 121.2 (s, CH),
122.9 (s, CH), 143.6 (s, NCN) ppm.

1,2-Dimethyl-3-butylimidazolium Bromodiiodide, 8. Dark red
liquid. IR (liquid film): 3133 (s), 2957 (vs), 2931 (vs), 2868 (s),
1585 (vs), 1558 (w), 1535 (vs), 1458 (vs), 1418 (m), 1379 (m),
1340 (w), 1268 (w), 1244 (s), 1183 (w), 1132 (s), 1075 (w), 1036
(w), 741 (vs), 662 (s), 625 (W) crd. ESI-MS: m/z= 153.1 [Me-
Bulm*]. IH NMR (CDCls, 500 MHz): 6 0.94 (t, CH), 1.39 (sextet,
CHy), 1.82 (g, CH), 2.73 (s, Gng—CHs), 3.89 (s, N-CHg), 4.10
(t, N—CHy), 7.24 (d, CH), 7.29 (d, CH) ppm3C NMR (CDCk,
500 MHz): 6 11.4 (s, CH), 13.6 (s, CH), 19.8 (s, CH), 31.7 (s,
CHy), 36.8 (s, CH), 49.4 (s, CH), 121.3 (s, CH), 123.0 (s, CH),
143.7 (s, NCN) ppm.

1,2-Dimethyl-3-hexylimidazolium lododibromide, 9.Dark red
liquid. IR (liquid film): 3133 (s), 2954 (vs), 2928 (vs), 2857 (s),
1585 (s), 1535 (s), 1464 (s), 1458(s), 1418 (m), 1378 (m), 1339
(w), 1268 (w), 1240 (s), 1171 (w), 1132 (m), 1105 (w), 1078 (w),
1036 (w), 743 (s), 662 (s), 626 (w) cth ESI-MS: m/z = 181
[Me,Hexim™], 288.2 [IBr, ], 334.6 [LBr~]. *H NMR (CDCl;, 500
MHz): 6 0.83 (t, CH), 1.27 ((CH),), 1.32 (CH), 1.81 (g, CH),
2.70 (s, Gng—CHa), 3.87 (s, N-CHj), 4.07 (t, N-CH), 7.21 (d,
CH), 7.25 (d, CH) ppm3C NMR (CDCk, 500 MHz): 6 11.0 (s,
CHj3), 14.0 (s, CH), 22.4 (s, CH), 26.3 (s, CH), 29.7 (s, CH),
31.1 (s, CH), 36.5 (s, CH), 49.5 (s, CH), 121.2 (s, CH), 122.9
(s, CH), 143.7 (s, NCN) ppm.

1,2-Dimethyl-3-octylimidazolium Bromodiiodide, 10.Dark red
liquid. IR (liquid film): 3133 (s), 2952 (vs), 2925 (vs), 2854 (s),
1585 (s), 1559 (w), 1535 (s), 1464 (s), 1458(s), 1418 (m), 1378
(m), 1340 (w), 1278 (w), 1238 (s), 1163 (w), 1132 (m), 1106 (w),
1080 (w), 1036 (w), 746 (s), 662 (s), 626 (w) CMESI-MS: m/
z = 209 [MeOctim*], 334.4 [LBr]. *H NMR (CDCl;, 500
MHz): 6 0.82 (t, CH), 1.21 ((CH),) 1.31 ((CH)s), 1.83 (q, CH)),
2.73 (s, Gng—CHs), 3.89 (s, N-CHg), 4.09 (t, N-CHy), 7.22 (d,
CH), 7.27 (d, CH) ppm3C NMR (CDCk, 500 MHz): 6 11.3 (s,
CHg), 14.1 (s, CH), 22.6 (s, CH), 26.5 (s, CH), 28.9 (s, CH),
29.0 (s, CH), 29.8 (s, CH)), 31.7 (s, CH), 36.8 (s, CH), 49.7 (s,
CHy), 121.2 (s, CH), 123.0 (s, CH), 143.6 (s, NCN) ppm.

1,2-Dimethyl-3-dodecylimidazolium lododibromide, 11.Orange-
red solid. IR (liquid film, solution in CHG)): 3134 (s), 2990 (m),
2925 (vs), 2854 (s), 1583 (m), 1558 (w), 1534 (m), 1465 (m), 1458
(m), 1419 (w), 1377 (w), 1339 (w), 1236 (w), 1133 (w), 626 (w)
cm L ESI-MS: m/z = 265.0 [MeDodIm'], 287.7 [IBr,7], 334.0
[1.Br7]. IH NMR (CDCl;, 500 MHz): 6 0.80 (t, CH), 1.19 ((CH))
1.30 ((CH)2), 1.81 (g, CH), 2.70 (s, Gng—CHs), 3.88 (s, N-CHj),
4.07 (t, N~CHyp), 7.20 (d, CH), 7.25 (d, CH) ppmiC NMR
(CDCl3, 500 MHz): 6 11.0 (s, CH), 14.1 (s, CH), 22.6 (s, CH),
26.5 (s, CH), 29.0 (s, CH), 29.3 (s, CH), 29.4 (s, CH), 29.5 (s,
CH,), 29.6 (s, CH), 29.7 (s, CH), 31.7 (s, CH), 36.5 (s, CH),
49.5 (s, CH), 121.2 (s, CH), 122.9 (s, CH), 143.7 (s, NCN) ppm.

N-Butylpyridinium lododibromide, 12. Dark red liquid. IR
(liquid film): 3124 (w), 3055(s), 2960 (s), 2932 (s), 2868 (m), 1631
(vs), 1498 (s), 1485 (vs), 1464 (s), 1376 (w), 1317 (w), 1212 (w),
1171 (s), 1056 (w), 950 (w), 766 (s), 733 (W), 680 (vs)énAnal.
Calcd for GH14NIBr,: C, 25.55; H, 3.31; N, 3.31. Found: C,
26.8; H, 3.6; N, 3.4. FAB-MS: m/z = 136 [BuPyJ". IH NMR
(CDClz, 500 MHz): 6 0.65 (t, CH), 0.96 (t, CH), 1.13 (sextet,
CH,), 1.44 (sextet, Ch), 1.76 (g, CH), 2.04 (g, CH), 4.43 (i,
N—CHy,), 4.77 (t, N-CH,), 7.86 (t, CH), 8.13 (t, CH), 8.32 (t, CH),
8.52 (t, CH), 8.71 (d, CH), 9.01 (d, CH) pprfC NMR (CDCE,
500 MHz): 6 13.6 (s, CH), 13.7 (s, CH), 19.5 (s, CH), 19.6 (s,
CH,), 33.5 (s, CH), 33.7 (s, CH), 62.4 (s, CH), 62.9 (s, CH),
128.9 (s, CH), 129.0 (s, CH), 144.3 (s, CH) 144.6 (s, CH), 145.6
(s, CH), 145.8 (s, CH). The deviation of experimental values in
elemental analysis data is due to negligible impurities which are
difficult to remove by distillation or recrystallization.

N-Butylpyridinium Bromodiiodide, 13. Dark red liquid. IR
(liquid film): 3123 (w), 3055 (s), 2959 (s), 2931 (s), 2868 (m),
1632 (vs), 1498 (s), 1485 (vs), 1458 (s), 1376 (w), 1315 (w), 1211
(w), 1169 (s), 1055 (w), 949 (w), 765 (s), 733 (W), 679 (vs)eém
ESI-MS: m/z = 136.1 [BuPy], 334.6 [LBr], 380.3 [LBuPy].

IH NMR (CDCls, 500 MHz): 6 0.98 (t, CH), 1.44 (sextet, Ch),
2.07 (g, CH), 4.75 (t, N-CH,), 8.13 (t, CH), 8.53 (t, CH), 8.93
(d, CH) ppm.13C NMR (CDCk, 500 MHz): 6 11.6 (s, CH), 19.6
(s, CH), 33.6 (s, CH), 63.2 (s, CH), 129.1 (s, CH), 144.6 (t, CH),
145.6 (s, CH).

N-Dodecylpyridinium lododibromide, 14. Orange-red solid.
IR (liquid film, solution in CHC}): 3126 (w), 3058 (m), 2990 (s),
2926 (vs), 2854 (s), 1631 (s), 1499 (m), 1486 (s), 1462 (m), 1373
(w), 1316 (w), 1171 (s), 677 (s) cth ESI-MS: m/z = 248.0
[DodPy*], 334.1 [LBr], 407.7 [BLDodPy]. *H NMR (CDCls,
500 MHz): 6 0.80 (t, CH), 1.18 ((CH)7), 1.34 ((CH)2), 2.05 (q,
CH,), 4.69 (t, N-CH,), 8.13 (t, CH), 8.54 (t, CH), 8.90 (d, CH)
ppm.13C NMR (CDCk, 500 MHz): 6 14.1 (s, CH), 22.6 (s, CH),
26.2 (s, CH), 29.0 (s, CH), 29.3 (s, CH), 29.5 (s, CH), 29.6 (s,
CH,), 31.8 (s, CH), 31.9 (s, CH), 63.2 (s, CH), 94.4 (t, CH),
129.1 (s, CH), 144.5 (t, CH), 145.8 (s, CH).
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Table 1. Synthesized Interhalogen lonic Salts and Liquids Bulm]IBr, (7) was characterized by single-crystal X-ray
No N . @ Con @ N diffra(;;[ion analygié““ The molecular and crystgl structures
En—cn, L, ¥ are shown in Figure 1. The compound consists of planar
’ " imidazolium rings and linear IBr anions. It is important to
R A~ R A~ R A” note that the iodine atom occupies the central position and
1 CHs IBram 7 CiHe IBry 12 CgHy  IBra- is surrounded by two bromine atoms. TheBr distance is
g 83:7 :E:Z: g 84:9 :ZBBrf: ii 54'15; :E‘?r: 2.7085(11) A, which is slightly shorter than the calculated
4 CHe LB 10 GHe  1LBI- 1 2 value for the linear [Bf|—Br]~ anion (2.766 A; B3PW91).
5 CiHzps IBr;m 11 CiHys  IBro- Another essential characteristic of this compound is the
6 GCH7  Brs” absence of significant interaction between the,1Banion

and the MgBulm™ cation in the crystal structure; the shortest
distance between Br or | atoms and H atoms is 3.1 A.
3.1 SyntheSiS and Characterization of lonic LIqUIdS Common|y' jonic ||qu|ds show a network of hydrogen bonds
In this work, three types of interhalogen ionic liquids were (see, for example, refs 37 and 38). One can assume that the
studied: 1,3-dialkylimidazolium, 1,2,3-trialkylimidazolium,  apsence of strong catieranion interaction accounts for the
and N-alkylpyridinium salts. These aromatic cations were relatively low viscosity of interhalogen ionic liquids.
chosen because of their high electrochemical stability and Mass spectroscopy (fast atom bombardment and electro-
re_latlvely low V'SCOS'_ty ‘,Jf t_he lonic liquids in comparison spray ionization spectroscopy) was also used for character-
with other types Of lonic I'qu|ds, based, for examplti, ON jzation of the compounds prepared. All spectra are shown
tetraalkylphosphonlum cat'lons.'The counterions werg IBrin the Supporting Information. Methanol solutions (concen-
and bBr-. Compounds with different alkyl chains were y4iion 0.1 mg/mL) were used. Positive ion mode spectra of
prepared; the length of alkyl chain varied frorC,Hs to all compounds contain single peaks corresponding to alky-
~Cias . . _ limidazolium or alkylpyridinium cations. It is important to
The synthetic approach for the preparation of interhalogen note that the negative ion mode spectra of all ionic liquids

with IBr;~ anions contain peaks withvz = 286.7 [IBr,]

3. Results and Discussion

ionic liquids was based on the reaction between alkylimi-

_ciaa@lium or slkylpdyriqmil:]rln iOfdides "’}“‘?' free bromine or andm/z = 334.7 [LBr~]. This fact may be explained by the
lodine monobromide in chioroform solution existence of an equilibrium between different anions in

CHCl, B solution:
[KT[IBrX 7]

K™+ Br—X — g

21Br, = 1,Br + Bry 1
where K = 1,3-dialkylimidazolium, 1,2,3-trialkylimidazo- 2 2 3 @)
lium, or N-alkylpyridinium; X = Br or I.

Earlier, this method was used for the preparation of a series
of IlLs, but the reaction was carried out without any
solvent?-28We used mild reaction conditions (low temper-
ature and gradual addition of Bor IBr) in order to avoid
halogenation of the organic cations. A series of ionic liquids
was prepared on the basis of this reaction, see Table 1.

Compoundsl—4, 6, 8—10, 12, and 13 are red liquids, - , - & >
immiscible with water and quite soluble in acetone. Salt lonic I|qU|d_conta|gsn:/hre_e peakst/z __380'?].[[1]]’ m/ZE
is a yellow solid,7 is a dark red solid, and1 and 14 are 334'7, [Bre], an Nz = 286.7 [lBrZ.l’ which -can be
orange-red solids. The yields of IILs were typically high explained by the existence of an equilibrium in solution:
(80—95%). The melting points are 3%)( 37 (7), 47 (11),

The ratio of intensities of peaks corresponding to §ipr
and [Brk~] anions depends on the nature of the cation and
may reflect the interaction between cations and anions in
solution. For compounds and12, the ratio [IB]:[Brl,7]

is about 2:1, which indicates that a significant amount of
[IBr,7] anions is transformed into other forms.

Negative ion mode spectrum of the [MBlm]l.Br (8)

and 37 (4) °C. 21,Br =1Br, + 15 2)
In order to confirm the structure of the cationic part of
the liLs, the compounds were characterized'Hyand 3C It should be noted that similar behavior of potassium salts

NMR spectroscopy in CD@lsolution. In comparison with  containing interhalogen aniongdl~ and LBr— was observed

the corresponding iodides, the IILs have almost identidal  in aqueous and acetonitrile solutiolisThus, on the basis
NMR spectra (Supporting Information). It is interesting to of mass spectrometric results, the authors postulate the
note that'H and**C NMR spectra ofl, 6, and 12 contain existence of equilibria such as those in eqs 1 af¥iThe
double sets of the peaks. This probably may be explainedabsence of some peaks in negative mode mass spectra, for
by the presence of free cations"Kand ion pair, such as
(KH)—(IBrz7), in chloroform solution. (36) Pettersson, H.; Gruszecki, T.; Bernhard, R.géfman, L.; Gorlov,

Several lILs prepared are solid at room temperature. This M. Boschloo, G.; Edvinsson, T.; Kloo, L.; Hagfeldt, /Rrog.
Photaolt: Res. Appl.in press.

gave us t_he possibility tO. use single-crystal X-ray diffraction (37) anderson, J. L.; Ding, R.; Ellern, A.; Armstrong, D. \l.Am. Chem.
analysis in order to confirm the structure of the compounds a8 SOC-2éJOI(5_ 127,55_93- ek - shao| <. ‘ _
in crystalline form. It was particularly important to determine 8 X%’S’Sins O > 0mns 3??;.Eal'y’meé%&v{ o Saryssenko KA.

the structure of the interhalogen anions. The compoung-{Me (39) Mcindoe, J. S.; Tuck, D. Dalton Trans.2003 244
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Figure 1. Molecular (with thermal ellipsoids at 50% probability) and crystal structure obBuém]IBr, (7). Selected bond distances (A) and angles (deg):
Brl—11 = 2.7085(11), N+C5 = 1.376(11), C6-C5 = 1.316(13), N22C6 = 1.360(11), N2-C7 = 1.317(10), N*C7 = 1.324(10), Brt11-Brl =

180(0).

Table 2. Bands in Raman Spectra of Interhalogens in the lonic Liquids

band, cnmit
calcd
compd expt B3PW91 B3LYP MP2 ion symm

[MezBulm]IBr, (7)2 157.2 (s); 132.8 (m)

[Me;HexIm]IBr, (9)2 158.5 (s)

[Me2C12H25Im]IBr2 (11)a 157.6 (S)

[HexMelm]IBr, (3)2 153.6 (s) 151 144 158 [Br—1—Br]- D
IBry~ [PrMelm]IBr; (2)2 158.1 (s); 134.5 (m) . . . Cme - h

[EtMelm]IBr (1)2 158.7 (s) 132; 179 125; 170 137; 198 [Br—Br—1] Coy

[BuPy]IBrz (122 157.2 (s); 136.5 (m)

[C12H25Py]|Br2 (14)::\ 155.6 (S)

[MeCi2H2sim]IBr» (5)2 159.8 (s)

[Me Octim]IBr (10)° 157.8 (s); 133.4 (s); 111.8 (s)
1,.Br- [Me,Bulm]I,Br (8)2 153.9 (s); 132.3(s); 110.9(s) 125; 163 118; 154 130;170 [1=1—-Br]~ Ceop

[BuPy]lzBr (13)2 157.2(s); 132.4 (s); 110.8(s) 113 107 116 [I=Br—1]~ Deh

[HexMelm]I2Br (4)2 157.6 (s); 132.4 (s); 111.0 (s)
Brs™ [PrMeIm]Br; (6)° 159.5 (s) 158 151 166 [BfBr—Br]~ Deh
I3~ 109 103 113 [H1=1]- Deh

aln CHCls. P Without solvent.

example Bs~ peaks, may be explained by the formation of
adducts between cations*kand anions, such as [KRr.
Indeed, negative ion mode spectrum of fdexIim]IBr; (9)
contains a peak atm'z = 341.7 which corresponds to
[Me;HexImBr,]~ anion.

in solution, Raman spectra for llLs were recorded. Also,
guantum chemical calculations were performed in order to
assign the low-frequency bands in the Raman spéttra.
Experimental and calculated frequency data for ionic liquids
formally containing IBs~, 1.Br-, and Bg~ anions are

Quantum chemical calculations were performed in order presented in Table 2. It should here be emphasized that

to evaluate the thermodynamic stability of different anions
coexisting in solution of interhalogen ionic liquiesCal-

although the composition of IILs implies the presence of
XY, anions, it is not necessary that these nominal ions

culations of changes of Gibbs free energy for reactions 1 dominate in the liquid state (see mass spectrometry data).

and 2 at the B3PWO9L1 level give the following results=
298.150 K): AG = +33.2 kJ/mol for eq 1 andG = +2.5

One can state that predominance of X¥anions is a starting
hypothesis in the interpretation of vibrational spectroscopic

kJ/mol for eq 2. These correspond to equilibrium constants data with the help of quantum chemical calculations.

of Ky = 1.53 x 10 % andK; = 0.36. The inclusion of solvent
effects using the PCM formalism for water, acetonitrile, and

Strong bands in region 153159 cn1! are observed in
Raman spectra of ionic liquids containing }Branions in

benzene, representing a wide scan in dielectric properties,chloroform solutions. This is in good agreement with

did not significantly shift the change in Gibbs free energy
of reactions 1 and 2<2 kJ molY). The main reason is most

likely that all molecular species in these two reactions with
respect to topology and charge distribution are very similar.
The experimental and calculational results allow us to
conclude that (1) the nature of, in particular, the organic
cation can play an important role with respect to shifts of
equilibria; (2) several forms of anions can coexist in solution.

In order to confirm the presence of IBror I,Br~ anions

guantum chemical calculations showing one band at 151
cmt (B3PWIL level) for the Brl—Br~ anion Q).
Asymmetry of these bands can be explained by interaction
between cations and anions in solution as well as the
existence of vibrational excitations. The presence af Br
anion in solution due to equilibria 1 and 2 can also be
responsible for the asymmetry of these bands. According to
the calculations, the second possible isomer{Br—I] -,

has its strongest Raman band at 132 trdne can assume
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Figure 2. A monolithic multicell with 24 individual cells (A) and schematic cross-section of the four-layer monolithic dye-sensitized photovoltaic. cell (B)

that the presence of an additional, less intense band in theatmosphere. Compounds [Mglm]IBr, (7) and [BuPy]IBg
region 132-136 cni! in the Raman spectra of certain lILs  (12) display three oxidation steps at 1.22, 0.75, and 0.56 V
(Table 2) may be attributed to the presence of a secondversus NHE fof7, and at 1.10, 0.84, and 0.60 V fb2 versus
isomer in solution. NHE (Supporting Information). It should be noted that IlLs
Raman spectra of lILs containingBr~— anions contain decompose under electrochemical reduction: small drops
three strong bands centered at 155, 132, and 110.crhe formed on the surface of acetonitrile solution at negative
presence of these bands may be explained by the coexistencpotentials, which causes the quality of voltammograms.
of the two isomers, fI—Br]~ and [I-Br—I]~, ions in Interhalogen anions IBr could in principle be oxidized to
solution. A strong band at 110 crhmay also originate from  give products with higher nuclearity. Compounds wifBr}~
I3~ in the liquid. It should be noted that our results are in anions are known, although only in the solid stdt&Taking
good agreement with experimental and theoretical datathat into account, and the fact that, according to Raman and
recently obtained for series of organic salts with interhalogen mass spectra, llLs are present in solution in at least two
anions®® isomers, makes it difficult to draw conclusions about the
In order to understand the electrochemical processes ofexact chemical composition of the oxidation products of
IBr,~ anions, it is necessary to compare them with those of IBr,~ anions.

the well-known iodide/triiodide redox couple™l~. Ac- 3.2. Solar Cell Performance.The solar cells used in this
cording to literature data, thg VI~ couple is characterized  work were encapsulated four-layer monolithic multicells. A
by two oxidation processes in solution + I;~ and b~ — multicell means that several individual cells are manufactured

1,4t These data are in agreement with electrochemical on the same substrate in parallel processes allowing a high
behavior of alkylpyridinium and trialkylimidazolium triio-  reproducibility of the cell performance. The multicell
dides. As an example, compound [HexRBwlisplays two substrate contains 24 individual monolithic dye-sensitized
oxidation processes in acetonitrile solution-e®.887 and solar cells with an active TiQsurface of 0.48 ci(Figure
0.321 V versus NHE (cyclic voltammograms and differential 2A). Each monolithic cell consists of four layers: dye-
pulse voltammetry results in Supporting Information). The sensitized TiQ layer, porous Zr@layer (spacer), adhesion
electrochemical behavior of IILs was studied in acetonitrile layer (carbon 1), and platinized carbon layer (carbon 2). As
solution using Ag/Ag reference electrode under nitrogen can be seen in Figure 2B, the carbon 1 layer is placed next
to the spacer layer whereas the carbon 2 layer is placed on

(40) Aragoni, M. C.; Arca, M.; Devillanova, F. A.; Hursthouse, M. B.;
Huth, S. L.; Isaia, F.; Lippolis, V.; Mancini, A.; Ogilvie, H. R.; Verani, top of the Spacer layer and the carbon 1 layer' The

G. J. Organomet. Chen2005 690, 1923. thicknesses of the layers were approximatelyt?(TiO,),
(41) Oskam, G.; Bergeron, B. V.; Meyer, G. J.; Searson, PJ.@®hys.
Chem. B2001, 105, 6867. (42) Minkwitz, R.; Berkei, M.; Ludwig, RInorg. Chem.2001, 40, 25.
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10 um (spacer), 1&um (carbon 1), and 5@m (carbon 2).
Details of the multicell manufacturing have been described
in a separate work In short, the manufacturing technigue
is based on screen-printing the electrodes onto laser-
structured transparent conducting glass (TECCASquare
from Hartford Glass). After sintering the electrodes, the glass
plates are immersed in the dye solution. For the results
presented in this papecis-di(thiocyanato)-bis(4,4dicar-
boxy-2,2-bipyridine)Ru(ll), in a concentration of 0.3 mM,
dissolved in acetonitrilé2rt-butanol (50/50 by volume), was
used. The electrolyte solution is manually dispensed on the
monolithic electrodes. Finally, the cells are sealed tightly in
a vacuum-heat process using the encapsulation materia
Surlyn.

The following IILs were chosen as components of the
electrolytes for monolithic DSCs: [PrMelm]IB(2), [HexMe-
Im]IBr, (3), [HexMelm]I.Br (4), [Me,Bulm]IBr, (7), and
[BuPy]IBr; (12).

Three types of electrolytes have been studied in this
work: (1) glutaronitrile as solvent, (2)-butyrolactone as
solvent, and (3) the native ionic liquids as solvent. The
composition of electrolytes, diffusion constants, and results
of IV-measurements are shown in Table 3. It is important to
note that, according to the Raman spectra of electrolytes,

for DSCs?%344 A comparison of efficiencies of these
electrolytes with the corresponding ones without addi-
tives (theE1l—E2, E3—E4, E5—EG6 pairs) shows that the
former ones are more efficient (the difference is up to
0.9% in efficiency at 1000 W/ due to an increase in open-
circuit photovoltage, as observed earfierGuanidinium
thyocyanate may be adsorbed along with dye molecules at
the TiG; surface, thus playing the role of a blocking layer
and/or facilitating self-assembly agent, as considered by
Grazel

4. The performance of the monolithic cells with electro-
lytesE9 andE10, containing imidazolium ionic liquids with
IBr,~ and LBr~ anions, respectively, is very similar, which
can be explained by the presence of similar redox-active
species in solution due to the equilibria previously discussed
in this work.

5. The influence of alkyl chain length in imidazolium
cations on the performance of the monolithic cells was also
studied (electrolyte€£6—E8). The efficiency of the cells
containing a short alkyl chain ¢&;) in imidazolium cations
is slightly higher than the one for the cells containing longer
alkyl chains (GHi3 and G2Hys) at a light intensity of 1000
W/m?. However, at a light intensity of 100 WAnthe
difference is insignificant.

interhalogen anions are present in the solutions eveninthe g A comparison of glutaronitrile electrolytes containing

presence of excess of iodide ions.

On the basis of analysis of the results presented in Table
3, the following conclusions can be made.

1. Overall, light-to-electricity conversion efficiencies of
the cells with electrolytes based on ionic liquids as solvents
are lower than those for glutaronitrile- grbutyrolactone-
based electrolytes. For example, the difference between
efficiencies of the pair€6—E9 andE7—E11is 2—3% in
efficiency both at light intensities of 1000 and 100 V¥/m
This can be attributed to the higher viscosity of imidazolium
ionic liquids in comparison to glutaronitrile solutions, which
leads to slower ion transport in electrolyte (according to
literature?® viscosity of [BuMelm]l is 1110 cP and viscosity
of [BuMelm]IBr. is 57 cP). This is in agreement with lower
values of diffusion constants for the ionic liquid electrolytes.
It should be highlighted that the multicells have not yet been
optimized for low-viscous electrolytes. The performance of
cells using electrolyteE9 andE11 would benefit from the
use of a more porous Tiayer and a thinner spacer layer.

2. Overall light-to-electricity conversion efficiencies of the
cells with electrolytes based gnrbutyrolactone are higher
than those for glutaronitrile-based electrolytes mainly due
to higher short-circuit current density values. The difference
is 1.3-1.9% at light intensities of 1000 Wkithe E2—E13,
E4—E14, E7—E15 pairs). Probably, this may be attributed
to the lower viscosity of-butyrolactone compared with that
for glutaronitrile (1.63 and 5.67 cP at 28, respectively}3

3. Glutaronitrile andy-butyrolactone electrolytes contain
two additives, guanidinium thiocyanate and\dmethyl-
benzimidazole. N-donor organic additives based on benz-
imidazole are frequently used as components of electrolytes

(43) Phibbs, M. KJ. Phys. Chem1955 59, 346.

the interhalogen anions IBr or I,Br~ with glutaronitrile
electrolyte containing the1 anion E12) shows that the latter
one is more efficient (the difference is 8:5% in efficiency

at 1000 W/n). It should be emphasized here that (1) the
concentration of additives and combination between materials
for electrodes were optimized for/l;~ electrolytes; (2) the
performance of cells containing/l;~ redox couple loses
10% of the initial performance after 1000 h illumination at
350 W/nt (see ref 36); (3) in the case of/IBr,~ or 17/l,-
Br~ systems it is difficult to estimate which redox couple(s)
work in real cell due to equilibria between different anions
in solution.

Typical IV-characteristics of DSCs based on the interh-
alogen ionic liquids are displayed in Figure 3 (glutaronitrile
or ionic liquid as solvent).

3.3. Stability of Monolithic Solar Cells with IILs
Electrolytes. The long-term stability of the dye-sensitized
solar cells is one of the most important characteristics for
their practical application. In order to evaluate the stability
under illumination of the monolithic solar cells containing
lIiLs, three cells with electrolyte&€2, E4, and E6 were
iluminated for 1000 h (6 weeks) at 350 WAmsing a sodium
lamp (open-circuit condition) protected by a UV cutoff filter
(cut off at 400 nm). Results from these experiments are
shown in Figure 4.

The efficiencies of all cells decrease slowly during
illumination. The relative decrease in efficiency after 6 weeks
of illumination is 9% for electrolyte§2 andE6 and 14.5%
for E4.

(44) Kusama, H.; Arakawa, Hl. Photochem. Photobiol. A: Che2004
162 441.
(45) Grdzel, M. J. Photochem. Photobiol. A: Cher2004 164, 3.
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Table 3. Diffusion Constants D of 1B, 1;Br~, and k= and Results Obtained frofv-Measurements of Monolithic Dye-Sensitized Multicells Based on
Interhalogen lonic Liquids

1000 W/n? 100 Win?
composition D(cn®s) 5 (%) FF (%) Voo(V) Je(MACT?®) 5 (%) FF(%) Vec(V)  Jsc(MA/CI?)

0.8 M [Me,Bulm]l
E1l 0.1 M [BuMeIm]IBr 1.1x 106 4.1 59 0.72 9.6 4.8 66 0.66 1.1
in glutaronitrile

0.8 M [Me;Bulm]I
0.1 M [BuMe,Im]IBr
E2 0.1 M GuanSCR 8.6 x 1077 4.9 61 0.77 10.2 6.0 72 0.73 11
0.5 M NMBI®
in glutaronitrile

0.8 M [BuPy]I
E3 0.1 M [BuPy]IBr, 1.2x 10 4.1 59 0.70 9.8 4.2 69 0.62 1.0
in glutaronitrile

0.8 M [BuPy]I
0.1 M [BuPy]IBr,
E4 0.1 M GuanSCN 1.1x 10 45 58 0.74 10.3 6.0 71 0.69 1.2
0.5 M NMBI
in glutaronitrile

0.8 M HexMelml
E5 0.1 M [HexMelm][IBr.] 1.3x10° 3.6 57 0.70 8.9 4.6 70 0.64 1.0
in glutaronitrile

0.8 M [HexMelm]I
0.1 M [HexMelm]IBr,
E6 0.1 M GuanSCN —d 45 60 0.77 9.9 5.8 70 0.70 1.2
0.5 M NMBI
in glutaronitrile

0.8 M [PrMelm]I
0.1 M [PrMelm]IBr,
E7 0.1 M GuanSCN 19x 10 5.0 59 0.74 11.5 6.0 71 0.68 1.2
0.5 M NMBI
in glutaronitrile

0.8M [C12H25Melm]l
0.1 M [Cyz2Hz5Melm]IBr,
E8 0.1 M GuanSCN 1.4x 106 4.5 54 0.71 115 6.1 73 0.66 1.3
0.5 M NMBI
in glutaronitrile

0.1 M [HexMelm]IBr,
0.1 M GuanSCN

0.5 M NMBI

in [HexMelm]I

0.1 M [HexMelm]LBr
0.1 M GuanSCN

0.5 M NMBI

in [HexMelm]I

0.1 M [PrMelm]IBr,
0.1 M GuanSCN
0.5 M NMBI

in [PrMelm]l

0.8 M [BuMelm]l
50 mM I,
E12 0.1 M GuanSCN 15x 1076 5.4 62 0.72 12.1 6.2 72 0.67 1.3
0.2 M NMBI
in glutaronitrile

0.8 M [Me,Bulm]l
0.1 M [Me;Bulm]IBr;,
E13 0.1 M GuanSCN —d 6.3 61 0.79 12.9 7.0 74 0.73 13
0.5 M NMBI
in y-butyrolactone

0.8 M [BuPy]I
0.1 M [BuPy]IBr,
E14 0.1 M GuanSCN —d 6.4 64 0.79 12.8 7.0 74 0.73 1.3
0.5 M NMBI
in y-butyrolactone

0.8 M [PrMelm]I
0.1 M [PrMelm]IBr,
E15 0.1 M GuanSCN —d 6.3 61 0.80 13.2 7.3 73 0.75 1.3
0.5 M NMBI
in y-butyrolactone

E9 3.1x 1077 2.3 43 0.62 8.6 3.2 56 0.56 1.0

E10 3.2x 1077 2.4 41 0.64 9.2 3.4 54 0.58 1.1

Ell 3.1x 1077 2.3 48 0.63 7.6 3.0 61 0.56 0.9

ay = overall light-to-electricity conversion efficiency; FE fill factor; Vo = open-circuit voltageJsc = short-circuit current density. GuanSCN=
guanidinium thiocyanate&.NMBI = 1-N-methylbenzimidazole? Limiting current density cannot be measured accurately because of the absence of well-
defined plateau in cyclic voltammograms.
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Figure 3. IV-characteristics of monolithic dye-sensitized multicells based on glutaronitrile electEgyteft) and ionic liquid electrolyté=9 (right). Both
electrolytesE6 and E9 contain [HexMelm]l and [HexMelm]IBr (3).

71 lumination showed 914% relative efficiency degradation
after 1000 h of illumination at 350 W/nlIn conclusion, it
was shown that a new type of low-viscous interhalogen ionic
liquids containing a mixture of redox species provides

. promising alternatives to viscous ionic liquids based on
%4 alkylimidazolium iodides. In comparison with the classical
5 ——E6 I7/I5~ redox system, interhalogen/IBr;™ or I7/I,Br~ redox
ﬁ 31 _:_f:; couples are potentially more “flexible” redox species due to

equilibria between different anions in solution. In order to
achieve higher efficiency and improved long-term stability
1] of electrolytes based on interhalogen ionic liquids, optimiza-
tion of all components of DSCs (semiconductor materials,
0 - : - , , dyes, sealing materials) will be required. The use of new
: oo 0 o0 o0 1000 organic dyes and different sealing materials in conjunction

Time. hours with interhalogen ionic liquid electrolytes is currently under
Figure 4. Efficiency changes with time for the cells with electroly€?, . . . g d y y
E4, andE6 under illumination at 350 W/f Investigation in our group.
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