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In order to establish the electronic similarities between the chloranil radical anion (CA™) and the
para-benzoquinone radical anion (pBQ") we have performed DFT and TD-DFT calculations with
the B3LYP functional and cc-pVTZ basis set, using the Gaussian09 software package.! CA™ and
pBQ7, as well as their neutral ground states, are planar and have D, symmetry. Table S1 shows the
relevant molecular orbitals (MOs) and their symmetry labels (details of axes are given in the paper,
Fig. 2). The list of MOs and their occupation is shown for the HOMO-3 to the LUMO+2 (where
HOMO and LUMO are the highest occupied and lowest unoccupied molecular orbital of the

corresponding neutral, respectively).
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Table S1: Calculated frontier molecular orbitals for the radical anions of pBQ and CA. Also
indicated are the orbital occupancies. In CA™ the b, MO is destabilised with respect to the same
orbital in pBQ" and places it above the bs, in energy. All other molecular orbitals are identical.

The MOs are identical, apart from the orbital of b;, symmetry in CA™, which is destabilised in
comparison to pBQ" and shifts in energy above the by, and b3, MOs. This can be rationalised by
comparing the MO iso-surfaces, which are shown in Fig. S1. The repulsive interaction along the C—
Cl bonds, which is absent in pBQ" and is much less pronounced for the b,, and by, MOs, leads to a
higher electronic energy for the bj; MO. Apart from this MO, the electronic structure between the

two systems is identical, in terms of symmetries, MO shapes and relative MO ordering. However,
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the by,, b3y and by, orbitals all lie very close in energy and small effects can alter the order. Indeed,
using a higher-level of theory, Honda et al. have shown that the by, is also the HOMO of pBQ, in
contradiction to the b3, MO predicted using our (lower) level of theory.” As the b, 1s destabilised
further in CA relative to pBQ), it is expected that the HOMO of both pBQ and CA is the by, and this
is supported by other theoretical studies.” Moreover, the HOMO is not involved in the excited states
discussed in the manuscript and hence the identity of the HOMO has no consequences to our

interpretations.
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Fig. S1: Molecular orbital iso-surfaces for frontier orbitals of the radical anions of pBQ and CA.
The repulsive interaction along the C—CI bond in the b, destabilises this orbital in CA relative to

pBQ.
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In order to determine the relative importance of electronic transitions, in particular the relative
ordering of the A, and *Bj,, and the presence of low-lying nm* states, the first 7 electronically
excited states have been calculated for CA™ and pBQ". The transition ordering, state term symbols
and major contribution to these transitions have been summarised in Table S2. As expected, the
similarities between the two are striking. The only difference in ordering of the excited states is due
to the higher energy of the b, ¢« MO in CA", and we note that the two main transitions of interest in
the current work do not involve this MO.

The first two excited states in CA™ and pBQ" are the 2B3g and ZBzu state and clearly correspond
to nm* states. For pBQ™, this leads to the low energy tail observed in the absorption spectrum and,
given that in CA™ the same states are present and the absorption spectrum exhibits a similar low-
energy tail, it is reasonable to assign this tail to nit* states for CA™.*

The two bright states in the absorption spectrum around 500 nm correspond to the A, and the
2B3u. Both are mtm* transitions but the 2B3u involves excitation from the core bs, orbital to the by,
whereas the 2Au involves excitation from the lone electron in the bo; MO to the LUMO + 1, which
is an a, MO. Electron loss from the latter will lead to the neutral CA in its ground state
configuration (i.e. all MOs fully occupied up to the LUMO), while for the *Bs, state, the electronic
configuration is such that there is one electron in the bs, and two electrons in the b,,. Electron loss
from the by, orbital will therefore lead to an electronically excited state of the neutral.

The key conclusion from our calculations is that indeed CA™ and pBQ" are electronically very
similar and hence, we can have some confidence in interpreting the spectroscopy of the electronic

structure of CA™ using the much more studied pBQ" as a template.

# p-Benzoquinone Chloranil

1 “Bsg : by — by, “Bsg : by — by,
2 *Byy : bay — byg *Byy : bay — byg
3 2Au:bzg—>au 2Blgzblg—>b2g
4 *Bjg : big — by, Ayt byg — a,

5 B3y t b3y — bag B3y : b3y — bag
6 By : by — ay, Ay by — a,

7 Ay by — a, Big:big—ay,

Table S2: First 7 excited states calculated for pPBQ™ and CA™. The two bright states that are

accessible around 500 nm are indicated in bold.

S3



Electronic Supplementary Material (ESI) for Physical Chemistry Chemical Physics
This journal is © The Owner Societies 2011

References

1.

98]

Gaussian 09, Revision A.1, M. J. Frisch, G. W. Trucks, H. B. Schlegel, G. E. Scuseria, M. A. Robb,
J. R. Cheeseman, G. Scalmani, V. Barone, B. Mennucci, G. A. Petersson, H. Nakatsuji, M. Caricato,
X. Li, H. P. Hratchian, A. F. Izmaylov, J. Bloino, G. Zheng, J. L. Sonnenberg, M. Hada, M. Ehara,
K. Toyota, R. Fukuda, J. Hasegawa, M. Ishida, T. Nakajima, Y. Honda, O. Kitao, H. Nakai, T.
Vreven, J. A. Montgomery, Jr., J. E. Peralta, F. Ogliaro, M. Bearpark, J. J. Heyd, E. Brothers, K. N.
Kudin, V. N. Staroverov, R. Kobayashi, J. Normand, K. Raghavachari, A. Rendell, J. C. Burant, S.
S. Iyengar, J. Tomasi, M. Cossi, N. Rega, J. M. Millam, M. Klene, J. E. Knox, J. B. Cross, V.
Bakken, C. Adamo, J. Jaramillo, R. Gomperts, R. E. Stratmann, O. Yazyev, A. J. Austin, R. Cammi,
C. Pomelli, J. W. Ochterski, R. L. Martin, K. Morokuma, V. G. Zakrzewski, G. A. Voth, P.
Salvador, J. J. Dannenberg, S. Dapprich, A. D. Daniels, O. Farkas, J. B. Foresman, J. V. Ortiz, J.
Cioslowski, and D. J. Fox, Gaussian, Inc., Wallingford CT, 2009.

Y. Honda, M. Hada, M. Ehara and H. Nakatsuji, J. Phys. Chem. 4, 2002, 106, 3838-3849.

C. Katan, P. E. Blochl, P. Margl and C. Koenig, Physical Review B, 1996, 53, 12112.

J. J. Andre and G. Weill, Mol. Phys., 1968, 15, 97 - 99.

S4




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.6
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends false
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize false
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage false
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile (Color Management Off)
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth 8
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /FlateEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth 8
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /FlateEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /FlateEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENG ()
    /ENU (Use these settings to create Adobe PDF documents suitable for reliable viewing and printing of business documents.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [595.276 779.528]
>> setpagedevice


