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Electrochemical setup — a unique chance to simultaneously control
orbital energies and vibrational properties of single-molecule junc-
tions with unprecedented efficiency

Ioan Bâldeaa‡

S1 Method to Compute the Raman Spectra

The quantum chemical computations done to obtain the results
obtained in this work will be briefly described below. In the
experiments of Ref.1 considered here, the viologen core is not
directly contacted to (gold) electrodes in the molecular junc-
tions used in experiment, but rather via alkyl linkers. There-
fore, we did not include metal atoms in our quantum chem-
ical calculations, but merely considered the isolated charged
species of interest, namely dication (44BPY++) and radical
cation (44BPY+•). These charge species turned out to be es-
sential for interpreting the transport experiments.1 Focusing
on these species allowed us to perform high-level quantum
chemical calculations employing very good basis sets, namely,
basis sets of triple-zeta quality augmented with diffuse func-
tions (Dunning aug-cc-pVTZ).

Calculations for geometry optimizations and Raman spec-
tra have been carried out at the DFT level by using the B3LYP
hybrid exchange functional by means of GAUSSIAN 09.2

The vibrational frequencies and the Raman intensities (activ-
ities in the language of GAUSSIAN 092) computed for the
two charge species (44BPY++ and 44BPY+•) in acetonitrile
are collected in Table S1, andFig. 1, Fig. 2, Fig. S1, Fig. S2,
Fig. S3, andFig. S4. We specifically refer to acetonitrile as
solvent because studies on bipyridine employed this solvent
in experiments3 and because calculations using non-pure sol-
vents1 cannot be directly done with available program pack-
ages.2 The data of Table S2 and S3 (computed for molecular
species in benzene and vacuum, respectively) show no quanti-
tative differences from those of Table S1 and emphasize that,
for the effects considered in this paper, the nature of the envi-
ronment is not critical; the essential role of the environment is
to enable an efficient molecular orbital gating.
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Fig. S1Raman scattering activities of the dication 44BPY++ and
cation 44BPY+• in acetonitrile. These spectra have been obtained
by convoluting the computed spectral lines with Lorentzian
functions of half-width 20 cm−1.

S2 Method to Estimate the Charge of a
Molecule in EC-STM Junctions from
Transport Data

As a central point of the present analysis, we have used the
transport data of Ref.1 to show that the EC-STM transport
setup does enable the switching between nearly perfect oxi-
dized and reduced states.

The charge of a molecule embedded in a junction cannot
be directly deduced from transport measurements. To deter-
mine the molecular charge (=LUMO occupancynl ) and to
demonstrate that, under electrochemical control, a continu-
ous switching between an almost fully oxidized state (nl ≃

0, 44BPY++) and an almost fully reduced state (nl ≃ 1,
44BPY+•), we have resorted to a model (namely, the Newns-
Anderson model), which we have validated beforehand.

Originally proposed for chemisorption,4 the Newns-
Anderson model was generalized to account for reorganiza-
tion effects5 and further extended6 to studies on the adiabatic

1–S7 | S1

Electronic Supplementary Material (ESI) for Physical Chemistry Chemical Physics.
This journal is © the Owner Societies 2014



No. ωD ωC ωD −ωC AD AC AD −AC

(cm−1) (cm−1) (cm−1) (Å4/a.m.u.) (̊A4/a.m.u.) (̊A4/a.m.u.)
4 282.627 269.125 13.502 806.447 1.2534 805.193
5 291.38 309.634 -18.2538 21.9752 43.4161 -21.4409
6 291.761 343.131 -51.3703 21.8781 7.7725 14.1056
7 335.591 344.759 -9.1681 0.6434 37.1963 -36.5529
8 349.928 387.142 -37.2144 0.5949 81.8311 -81.2362
9 377.829 407.972 -30.1432 23.2752 5.9276 17.3476
10 378.109 535.73 -157.621 23.2231 2.416 20.8071
11 528.022 601.884 -73.862 2.7508 29.4361 -26.6853
12 574.551 603.499 -28.9471 19.3767 11.5002 7.8765
13 574.651 629.399 -54.7484 19.2539 156.018 -136.764
14 671.141 662.741 8.3996 22.4834 11.5542 10.9292
15 715.86 681.118 34.7414 21.0924 12.9927 8.0997
16 715.889 757.371 -41.4811 21.1223 2050.54 -2029.42
17 797.092 764.093 32.9987 2.2464 0.4111 1.8353
18 816.431 807.593 8.8375 145.846 2.5732 143.272
19 816.658 863.483 -46.8245 145.565 3.7531 141.812
20 921.545 891.828 29.7163 699.841 5.0171 694.823
21 945.94 961.739 -15.7985 2.1484 1.0493 1.0991
22 960.046 980.355 -20.3087 65.1111 728.289 -663.178
23 963.42 992.358 -28.9381 26.4929 3297.82 -3271.33
24 963.502 1002.38 -38.8772 26.6478 1.1897 25.4581
25 975.346 1011.99 -36.6487 16.198 678.864 -662.666
26 997.853 1020.71 -22.8578 27.8384 27.4713 0.3671
27 1010.6 1045.48 -34.8791 7.2104 446.243 -439.033
28 1062.33 1079.15 -16.8242 27.2854 14.7691 12.5163
29 1062.37 1097.9 -35.5331 27.2554 72.5765 -45.3211
30 1093.69 1110.4 -16.7031 101.919 11.6463 90.273
31 1113.77 1120.81 -7.036 4.6279 2.7734 1.8545
32 1202.57 1178.42 24.154 16.7542 697.476 -680.722
33 1214.74 1245.92 -31.1798 18.9443 460.854 -441.909
34 1258.47 1257.4 1.0701 404.255 2.9525 401.303
35 1297.54 1268.46 29.0808 19.4699 34.1741 -14.7042
36 1297.6 1298.07 -0.4722 19.4942 353.879 -334.385
37 1337.97 1313.59 24.3798 99.3676 0.1703 99.1973
38 1338.02 1353.76 -15.7331 99.3554 15.7712 83.5842
39 1408.16 1400.47 7.6865 447.486 4.3955 443.091
40 1408.22 1448.16 -39.9364 449.539 7.6421 441.897
41 1470.18 1463.03 7.1511 6.0276 24.1107 -18.0831
42 1509.69 1529.52 -19.8281 691.511 36.0463 655.465
43 1520.14 1549.78 -29.6319 0.9869 749.15 -748.163
44 1527.26 1580.71 -53.4499 328.644 4.3104 324.334
45 1569.24 1599.28 -30.0387 261.818 4.4524 257.365
46 1569.31 1629.73 -60.4191 261.012 1416.5 -1155.49
47 3165.11 3165.15 -0.0361 2011.03 246.87 1764.16
48 3165.14 3168.22 -3.076 2011.09 188.511 1822.58
49 3172.68 3192.41 -19.7328 6886.56 319.305 6567.26
50 3172.79 3198.73 -25.9371 293.968 168.294 125.674
51 3224.53 3201.58 22.9472 184.767 10.916 173.851
52 3224.6 3202.51 22.0845 184.536 385.805 -201.268
53 3225.24 3219.01 6.2369 241.682 3.166 238.516
54 3225.47 3220 5.4749 1002.42 1302.72 -300.302

Table S1Vibrational frequencies (ω) and Raman activities (A) of the 44BPY dication (D) and cation (C) computed in acetonitrile at
DFT/B3LYP/aug-cc-pVTZ level.
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No. ωD ωC ωD −ωC AD AC AD −AC

(cm−1) (cm−1) (cm−1) (Å4/a.m.u.) (̊A4/a.m.u.) (̊A4/a.m.u.)
4 243.511 233.684 9.8268 19.8079 0.1185 19.6894
5 282.597 274.896 7.7007 223.458 155.821 67.6373
6 331.497 302.044 29.4535 7.3262 430.212 -422.885
7 337.397 332.868 4.5286 0.0322 76.702 -76.6698
8 348.435 333.298 15.1362 22.5708 0.0113 22.5595
9 414.85 365.058 49.7929 6.746 0.54 6.206
10 421.748 372.722 49.0258 2.7798 22680.8 -22678
11 533.088 503.535 29.5534 1.071 0.6394 0.4316
12 535.394 629.802 -94.4084 0.8929 10.6579 -9.765
13 615.216 656.266 -41.05 2.3688 0.6279 1.7409
14 689.276 669.843 19.4332 5.8724 48792.3 -48786.5
15 712.94 678.537 34.4038 17.8453 0.0342 17.8111
16 717.854 701.722 16.1322 2.86 5.2526 -2.3926
17 801.374 716.888 84.4862 8.8168 0.8079 8.0089
18 817.497 786.933 30.5645 56.7959 1706.29 -1649.49
19 822.77 825.224 -2.4536 0.0399 0.4937 -0.4538
20 932.525 827.223 105.302 0.9719 114.3 -113.329
21 940.221 843.505 96.716 121.013 122.728 -1.7151
22 954.726 978.251 -23.5252 20.5983 19.4822 1.1161
23 960.026 984.411 -24.3847 112.309 38.3896 73.9191
24 971.324 990.091 -18.7669 0.4297 0.0131 0.4166
25 979.895 992.264 -12.3693 2.0291 1031.95 -1029.92
26 1005.33 1004.78 0.5445 4.0911 278.878 -274.787
27 1010.54 1038.66 -28.1261 5.5278 6.6733 -1.1455
28 1032.97 1093.11 -60.1452 0.0523 0.0282 0.0241
29 1074.31 1094.87 -20.5631 8.4554 8213.7 -8205.24
30 1081.16 1107.35 -26.1862 20.1834 0.0095 20.1739
31 1095.31 1111.62 -16.3067 2.5626 10.9727 -8.4101
32 1202.24 1210.76 -8.5138 16.0978 3.6235 12.4743
33 1211.06 1214.87 -3.8098 4.3724 10453.1 -10448.8
34 1238.21 1264.02 -25.813 137.71 371.208 -233.497
35 1263.25 1272.95 -9.7094 7.3245 2373.16 -2365.83
36 1284.42 1280.6 3.8199 26.2059 19838.6 -19812.4
37 1306.99 1325.86 -18.8693 35.1656 127.314 -92.1489
38 1334.82 1342.13 -7.3098 4.4126 2.3021 2.1105
39 1389.15 1392.71 -3.5672 59.0189 29.3272 29.6917
40 1428.74 1423.5 5.2454 116.403 0.0787 116.325
41 1478.45 1491.72 -13.273 0.6488 1.5614 -0.9126
42 1496.74 1511.66 -14.9178 161.448 5826.41 -5664.96
43 1510.21 1559.93 -49.722 22.9039 343.066 -320.162
44 1513.7 1560.62 -46.9197 0.2396 2.4364 -2.1968
45 1547.17 1575.29 -28.1269 11.3129 75560.5 -75549.2
46 1610.82 1589.92 20.9048 202.004 1510.36 -1308.36
47 3151.66 3169.4 -17.7455 1631.31 7346.16 -5714.85
48 3152.55 3170.22 -17.6695 84.6166 1213.13 -1128.52
49 3160.69 3174.53 -13.8425 7.7104 28.8476 -21.1372
50 3161.26 3176.08 -14.8244 2531.21 4739.7 -2208.48
51 3205.68 3205.42 0.2535 170.219 2750.46 -2580.24
52 3206.65 3205.77 0.8788 56.553 96.6258 -40.0728
53 3214.04 3211.19 2.8503 20.9338 469.309 -448.375
54 3215.12 3211.85 3.2615 459.872 5218.44 -4758.57

Table S2Vibrational frequencies (ω) and Raman activities (A) of the 44BPY dication (D) and cation (C) computed in benzene at
DFT/B3LYP/aug-cc-pVTZ level.
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No. ωD ωC ωD −ωC AD AC AD −AC

(cm−1) (cm−1) (cm−1) (Å4/a.m.u.) (̊A4/a.m.u.) (̊A4/a.m.u.)
4 234.688 278.358 -43.6699 7.2241 18.0921 -10.868
5 288.325 302.521 -14.1968 85.4626 12.4692 72.9934
6 332.408 335.831 -3.4234 0.102 0.175 -0.073
7 338.529 361.268 -22.7393 5.1528 0.0098 5.143
8 346.87 375.146 -28.2764 9.565 1249.2 -1239.64
9 396.074 390.139 5.9357 0.9528 25.576 -24.6232
10 420.384 505.852 -85.468 2.2002 0.2289 1.9713
11 529.806 507.621 22.1855 0.3927 0.0262 0.3665
12 545.151 633.945 -88.7938 0.5329 1.0332 -0.5003
13 610.771 654.896 -44.1252 0.9439 0.032 0.9119
14 688.549 689.557 -1.0082 5.4329 2938.31 -2932.88
15 706.934 697.707 9.2274 0.7564 0.0092 0.7472
16 711.882 703.797 8.0849 9.8028 0.3722 9.4306
17 796.663 718.22 78.4434 0.9811 1.0384 -0.0573
18 816.051 775.388 40.6637 19.7333 35.4116 -15.6783
19 838.246 827.266 10.98 0.0044 16.3007 -16.2963
20 919.877 846.169 73.7079 26.6515 41.5194 -14.8679
21 928.048 876.282 51.7662 0.4314 0.2178 0.2136
22 950.234 977.695 -27.4616 8.5455 5.6639 2.8816
23 960.091 981.915 -21.8239 58.097 11.0123 47.0847
24 965.284 987.913 -22.6297 0.5682 0.0064 0.5618
25 968.662 989.726 -21.0639 0.2029 66.6474 -66.4445
26 989.43 1006.01 -16.5761 1.0288 85.2251 -84.1963
27 1003.71 1038.29 -34.5852 3.4754 4.3021 -0.8267
28 1033.06 1093.18 -60.116 0.0011 827.379 -827.378
29 1069.88 1094.56 -24.6832 4.7984 0.0032 4.7952
30 1087.66 1105.62 -17.9577 12.791 0.0181 12.7729
31 1096.54 1111.12 -14.579 1.1309 0.8401 0.2908
32 1189.53 1211.96 -22.4293 7.8776 2.7269 5.1507
33 1203.77 1214.18 -10.4003 3.1656 764.513 -761.347
34 1236.52 1262.48 -25.9597 57.3397 95.2786 -37.9389
35 1267.05 1271.29 -4.2455 0.6088 516.049 -515.44
36 1274.22 1279.11 -4.8868 11.5287 1675.55 -1664.02
37 1303.37 1323.91 -20.5368 16.0595 26.8126 -10.7531
38 1328.84 1340.6 -11.7582 2.5379 2.3016 0.2363
39 1380.29 1393.3 -13.0057 19.2399 7.3816 11.8583
40 1424.21 1423.29 0.9173 36.0006 0.3457 35.6549
41 1476.49 1491.76 -15.2664 0.5298 0.9891 -0.4593
42 1485.95 1507.75 -21.797 39.3254 422.276 -382.951
43 1505.71 1566.75 -61.0438 7.1636 73.5392 -66.3756
44 1514.8 1573.56 -58.7601 0.0046 5764.19 -5764.18
45 1553.72 1576.19 -22.4729 4.5092 2.4217 2.0875
46 1610.45 1589.59 20.8626 73.4375 312.652 -239.215
47 3125.76 3165.64 -39.8825 833.146 1968.47 -1135.33
48 3126.56 3166.3 -39.7468 45.4571 379.865 -334.408
49 3135.58 3171.24 -35.6661 6.8499 20.6621 -13.8122
50 3136.45 3172.11 -35.6599 1186.51 1408.99 -222.484
51 3194.84 3201.3 -6.4614 56.5728 636.35 -579.777
52 3195.7 3201.77 -6.0667 34.4372 68.2005 -33.7633
53 3200.81 3204.6 -3.7855 8.2605 131.221 -122.961
54 3201.87 3205.36 -3.4871 231.031 887.583 -656.551

Table S3Vibrational frequencies (ω) and Raman activities (A) of the 44BPY dication (D) and cation (C) computed in vacuum at
DFT/B3LYP/aug-cc-pVTZ level.
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Fig. S2Raman scattering activities (in̊A4/a.m.u.) of the dicationic
and cationic species in acetonitrile.
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Fig. S3Differences between the vibrational frequencies of the
dicationic and cationic species in acetonitrileωD −ωC plotted
against the average frequencies (ωD +ωC)/2.

transport through redox molecules. Recently,7 it was empha-
sized that this model is able to provide a robust descriptionof
the three-terminal transport through redox units.

The basic idea underlying the Newns-Anderson model is
that the molecular transport is dominated by a single energy
level. The experimental transport data1 unambiguously indi-
cated that the charge carriers are negative (n-type conduction).
So, if there is a dominant molecular orbital (MO), it should be
the lowest unoccupied molecular orbital (LUMO) of the dica-
tion 44BPY++ (nD

l = 0). The cation 44BPY+• is described as
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Fig. S4Differences between the Raman scattering activities (in
Å4/a.m.u.) of the dicationic and cationic species in acetonitrile
plotted against the average frequencies (ωD +ωC)/2.

a fully reduced LUMO (nC
l = 1).

To microscopicallyvalidate the idea that the LUMO should
be the dominant MO, we have calculated the lowest elec-
tron affinities at the EOM-CCSD (equation-of-motion cou-
pled cluster singles and doubles) level, which represents the
quantum chemistry state-of-the-art for molecules of this size.
These calculations, performed with CFOUR,8 showed that
the difference between the first and second and higher elec-
troaffinities (basically, the energies of LUMO and LUMO+1,
LUMO+2, etcwith reversed sign) are substantially larger than
the LUMO offset relative to the metallic Fermi energy (as
expressed by the small overpotential values ofFig. 4). This
validates the transport description relying upon a single en-
ergy level, which is the basic idea of the Newns-Anderson
model, within the realm of theory: the contribution coming
from LUMO+1 (and higher unoccupied molecular orbitals)
can be neglected.

The Newns-Anderson model allows one to compute the cur-
rentI = I(Vb,η) through an EC-STM junction as a function of
the source-drain voltageVb =Vt −Vs and of the overpotential
η = Veq−Vs. All necessary formulas can be found in earlier
work.6,7 Here we only briefly mention that the LUMO energy

εl = λ (1−2Q)−ξeη − γeVb, (S1)

fluctuates due to reorganization effects described by an effec-
tive mode coordinateQ and the reorganization energyλ . The
LUMO energy shift caused by the overpotentialη and the
source-drain biasVb is characterized by the solvent gating effi-
ciency (0< ξ < 1) and the bias division factor (0< γ < 1). In
an EC-STM junction, finite level broadeningsΓt,s arise due to
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couplings of the LUMO to the STM tip and substrate. The
asymmetry of the molecule-electrode couplingsδ ≡ Γt/Γ,
whereΓ ≡ (Γs+Γt)/2, of the viologen-based EC-STM junc-
tions is substantial albeit not so pronounced as recently found
for azurin-based EC-STM junctions.7

We have used the Newns-Anderson model to fit the ex-
perimental currents measured in experiment1 both in vari-
able bias mode and constant bias modes. As visible inFig. 3
andFig. 4, the theoretical curves obtained within the Newns-
Anderson model successfully reproduce the experimental cur-
rents1 measured both in constant bias and variable bias modes.

Once the model has been validated against experiment1 and
the parameter values determined (they are indicated in the leg-
ends), theη- andVb-dependent LUMO occupancynl (also
shown inFig.3 andFig.4) has been determined using formulas
reported earlier.6,7

S3 Vibrational Frequencies and Raman Scat-
tering Intensities of a Redox Molecule in a
Biased Nanojunction

We have adopted a simple interpolation method to estimate
the η- andVb-dependent vibrational frequenciesων and Ra-
man scattering intensitiesAν of the various modesν . Namely,
we have computed weighted averages of the dicationic (label
D) and anionic (labelC) species with appropriate weights (nl

and 1−nl , respectively) expressed in terms of the LUMO oc-
cupancynl

ων(η ,Vb) = nl (η ,Vb)ων ,D +[1−nl (η ,Vb)]ων ,C, (S2)

Aν(η ,Vb) = nl (η ,Vb)Aν ,D +[1−nl (η ,Vb)]Aν ,C. (S3)

The results expressing the dependencies of the vibrationalfre-
quencies and Raman scattering intensities onη andVb are de-
picted inFig. 5 andFig. 6, respectively.

Besides modes 10 and 49 mentioned in the main text, we
show inFig. 5 andFig. 6 the modes identified in Raman spec-
tra of the radical anion 44BPY−• measured in acetonitrile:3 4
(ring in-plane deformation; 6a3,9,10), 16 (ring breath; 13,9,10);
23 (ring in-plane deformation; 123,9,10), 27 (ring in-plane de-
formation; 18a3,9,10), 36 (CH in-plane bending; 9a3,9,10) and
46 (ring stretch; 8a3,9,10). Along with the present number-
ing in order of increasing frequencies (cf. S1), above we have
given in parentheses the mode notation in use3,10derived from
benzene.9 The last mode (64 or 8a9) is related to the so-
called quinoidal distortion, corresponding to a shortening of
the inter-ring C-C bond and of the C-C bond parallel to it, and
a lengthening of the C-C bond between them as well as of the
C-N bond.3,11

Fig. S5 presents the dependencies of the integrated Raman
spectrumAtot(η ,Vb) ≡ ∑ν A(η ,Vb). (Notice that signs of
Vb → Eb andη of Ref.1 are opposite to those employed here.)
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Fig. S5Dependence onVb andη of the integrated Raman scattering
activity (in Å4/a.m.u.). TheVb-range sampled in experiment1 is
indicated by the two black vertical dashed lines.
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