PCCP

Accepted Manuscript

st s s s This is an Accepted Manuscript, which has been through the
Royal Society of Chemistry peer review process and has been
accepted for publication.

Accepted Manuscripts are published online shortly after
acceptance, before technical editing, formatting and proof reading.
Using this free service, authors can make their results available

to the community, in citable form, before we publish the edited
article. We will replace this Accepted Manuscript with the edited
and formatted Advance Article as soon as it is available.

You can find more information about Accepted Manuscripts in the
Information for Authors.

Please note that technical editing may introduce minor changes

to the text and/or graphics, which may alter content. The journal's
= standard Terms & Conditions and the Ethical guidelines still

‘z?@ﬁs&é%: apply. In no event shall the Royal Society of Chemistry be held

responsible for any errors or omissions in this Accepted Manuscript

Or any consequences arising from the use of any information it

contains.

ROYAL SOCIETY
OF CHEMISTRY WWW.rsc.org/pccp


http://www.rsc.org/Publishing/Journals/guidelines/AuthorGuidelines/JournalPolicy/accepted_manuscripts.asp
http://www.rsc.org/help/termsconditions.asp
http://www.rsc.org/publishing/journals/guidelines/

Page 1 of 15

Physical Chemistry Chemical Physics

CREATED USING THE RSC LaTeX PCCP ARTICLE TEMPLATE - SEE www.rsc.org/electronicfiles FOR DETAILS

ARTICLETYPE

WWW. rsC.org/xxxxxx | XXXXXXXX

Solvation chemical shifts of perylenic antenna moleculesdm molec-

ular dynamics simulations'

Nergiz Ozcan: 2 Jifi MaresP?, Dage Sundholn? and Juha Vaara *?

Received Xth XXXXXXXXXX 20XX, Accepted Xth XXXXXXXXX 20XX

First published on the web Xth XXXXXXXXXX 200X
DOI: 10.1039/b000000x

Solvation-induced shifts in molecular properties can kdistcally simulated by employing a dynamic model with Bsip
solvent molecules. In this work3C NMR chemical shifts of various candidate antenna molecidedye-sensitised solar cells
have been studied by using density-functional theory ¢aticuins bothin vacuoand by employing a dynamic solvation model.
The solvent effects were investigated using instantanemlscular dynamics snapshots containing the antenna oielaad
surrounding acetonitrile solvent molecules. Such catmria take into account the main mechanisms of solvatiocirged
chemical shifts. We have analysed the contributions to dheest shift due to the solvent susceptibility anisotraglyanges in
the density of the virtual orbital space and the accessilli the excited states to the pronouncedly local magnsftpeHine
operator. We present Lorentzian-broadened chemical i spectra in which a comparison of tlrevacuoand dynamic-
solvation model results are graphically illustrated. Thsutts show that the solvent-accessible atoms at the pterirokthe
solute are influenced by the virtual states of the solvenemdés, which are visible to the hyperfine operators of thianter
nuclei. This enables efficient coupling of the ground stédtihe solute to the magnetically allowed excited stategyltieg in a
positive chemical shift contribution of the perimeter reicAs a result of solvation, the chemical shift signals afipeter nuclei
are found to be displaced towards larger chemical shifteglwhereas the nuclei of the inner region of the solute médsc
show the opposite trend. The solvent susceptibility anigytis found to cause a small and practically constant dmrtton.

1 Introduction

ing from various interactions were formally analysed. golv
effects on NMR parameters have also been investigated by (is -

Nuclear magnetic resonance (NMR) observables are sansitiing molecular dynamics (MD) simulation techniques, which
to the environment of the nuclei and provide, consequentlyincorporate the interaction of explicit solvent moleculéth

valuable, high-resolution (atomically localised) sturet in-

the solute. In particular, water as both the solvent anddhe s

formation! NMR spectroscopy can also be used for studyinglute has been simulated of in a number of studiéds For tran-

solvation effects, particularly for thoroughly monitogirthe
solvent-induced changes in the molecular electronic sira¢c

sition metal complexes, solvent effects on the NMR parame:
ters such as the NMR chemical shifts and electric field gradi:

because the NMR parameters are very sensitive to the inteénts have also been studied computationally using MD sim
actions with the surrounding solvent molecules. Experitalen ulations with explicit water molecules as solvéAtSolvent-
NMR spectroscopy in combination with first principles com- induced shifts of electron paramagnetic resonance paeasnet

putations can be used for interpreting and rationalisiegutir

have also been assessed by performing MD simulafidms.

derlying mechanisms of the solvent-induced effects on mole another study'?°e NMR chemical shifts were investigated

ular magnetic propertie$:* In the early paper by Bucking-
ham, Schaefer and SchneidelMR solvent effects originat-

1 Electronic Supplementary Information (ESI) availableblated3C NMR
chemical shift values of each antenna model. Tabulatedesiegcited state
energies for three dynamic solvation snapshots of perylEasulated singlet
excited state energies of perylene and acetonittiacuo The .xyz coordi-
nates of the perylene snapshots 103, 457 and 735.

See DOI: 10.1039/b000000x/
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in the presence of benzene as explicit solvént.

Comparison of NMR solvent shifts based on MD simu-
lations, using explicit solvent molecules, with shifts aal
lated using implicit solvent models such as the polarizab:z
continuum model (PCMP and the Conductor-like Screen-
ing Model (COSMO)? show the importance of using dynamic
solvation models with explicit solvent molecules, in retdi
calculations of NMR propertie¥ Implicit solvation models
are not able to accurately account for solvation effectsoen |
calised NMR properties due to explicit solute-solventiiate
tions such as formation of hydrogen bonds and van der Waz.c
interaction. Another challenging mechanism for impliat-s
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Journal Name, 2010, [vol], 1-15 |1



Physical Chemistry Chemical Physics Page 2 of 15

vation models arises from magnetically induced currentisen  of the molecules. The solvation shifts are analysed, first, i
solvent molecules, which can also affect the chemicalsbift terms of anisotropy of the solvent susceptibility and, seity

the solute atom$’ Therefore, implicit models are of limited as a result of changes in the molecular electronic structure
utility for simulating the influence of the solvent on the NMR We investigate the latter aspect in terms of excitationgirsr
chemical shifts® However, they have been very successfuland the coupling of the magnetically allowed excited stiies
in describing solvation energetics and other global mdécu the ground state, relevant for the orbital Zeeman (OZ) ader

propertiest®20 tion with the magnetic field, and the localised orbital hyiper
The interaction of the solute with the solvent molecules(paramagnetic nuclear spin-electron orbit, PSO) operator
alters the frontier orbital energies. In particular, thergy In our analysis, magnetic-dipole allowed excited statagwe

gap between the highest occupied molecular orbital (HOMOXalculated for both thé vacuosituation and a few selected

and the lowest unoccupied molecular orbital (LUMO) is oftensnapshots of the dynamic, explicitly solvated model of thc

lowered. This leads to smaller excitation energies thatcaff simplest present perylene, to elucidate the general tiaride

second-order molecular properties via the energy denemindMR solvation shifts for all the present antenna molecules.

tor, such as in the expression for the paramagnetic cotisibu  We express the calculated shifts in terms of colour-coded (a

to NMR nuclear shieldings/(de infra). cording to the sign and magnitude of the solvation shift),
Solvation effects on NMR chemical shifts can be qualita-Lorentzian-broadened chemical shift spectra, as well as ac

tively examined in terms of the changes in the paramagnetigitional density-of-states (DOS) figures and magneticaly

shielding, which include two kinds of influences. The indi- lowed absorption spectra.

rect effects result from the changes in the atomic coordmat

of the solute as well as the orientation and ppsition of_t_he S02  Theory

vent molecules relative to the solute. The direct polaigrat

effects, on the other hand, do not need to involve any changephe NMR chemical shift is obtained from the difference be-

in the atomic structure but arise from changes in the elattro tween the shielding constants of the reference compound and
structure that affect the NMR chemical shifsBoth the di-  the nucleus of interest;

rect and indirect contributions to the solvent-inducedtslaire
ingorporat_e(_j in quant_um-chemically sampled MD modelling S = Oref— O. (1)
using explicit and flexible solvent moleculés.

The aim of this work is to computationally investigate sol-
vent effects on NMR chemical shifts for more complicated 1 J2%E
molecular systems than liquid water. Here we have performed Oer = y_ﬁm
NMR chemical shift calculations on nine different perykeni ] o
dye molecules, which are candidate pigment molecules fof@n be determined as the second derivative of the molecular
use in solar cells, where they are attached to &, T#Datase) ENerdyE with respect to the components of the applied ex-
surface immersed in acetonitrile, GEN.23 From the com- ternal magnetic field® and the nuclear magnetic moment
putational point of view, acetonitrile is an interestingvemt, ~ Which is proportional to the nuclear spirasp = yhl where
because it possesses both a strong electric dipole moment a¥f i the gyromagnetic ratié* At the nonrelativistic level of
large magnetisability anisotropy due to =N group. theory, which is well applicable to the present systems thaf

In this work, we used these dye molecules to study the solOnSist of only light atoms, the shielding tensor can be fo.-
vation effects on localised NMR properties. We employedr’”"""y5‘";2tten as a sum of the diamagnetic and paramagne c
density-functional theory (DFT) in the calculations of NMR parts™>
shifts bothin vacuoand in a dynamic solvation model where
the antenna candidates are surrounded by explicit solseet (  The total shielding relative to a given reference [Eq. 1his t
tonitrile) molecules in instantaneous configurations dathp experimental observable, whereas the detailed divisitm in
from MD trajectories. We performed quantum-mechanicalthe dia- and paramagnetic contributions depends on theeho:
calculations using DFT for snapshots that consist of the dy®f the gauge origin for the magnetic vector potentl.
molecule and a finite-thickness GEN solvent shell. Subse- The diamagnetic contribution to the shielding constargis r
guently, a statistical average of the NMR chemical shiftsrov lated to the electron density at the nucleus in questionrerhe
these snapshots was calculated. fore, different diamagnetic chemical shifts are obtaireed,,

We report solvent effects for tHéC NMR chemical shifts between situations where the investigated atom is bonded
of the dye molecules and focus on the different situations opartners that have different electronegativity. More ofte
the solvent-accessible nuclei at the perimeter of thegellar however, it is the paramagnetic contribution to the chem:
planar perylenes, as well as the carbons closer to the centeal shift that features the largest sensitivity to the cloai

The Cartesiamt component of the nuclear shielding tensor

(@)

Ogr = Gfr + Uepr- (3)
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environment of the nucleus. Ramsey showed that the parde obtain thed, shift contribution. Herer is the distance be-
magnetic shielding can be calculated using a second-ordéween the nucleus under study and thesNCgroup of the
perturbation-theoretical expression involving the OZ B&D  solvent molecule, and the angular brackets denote time an+
operatorg>26 ensemble averaging. We present results for the solvatior -
induced chemical shifts both with and without tbgcontri-
p _ 0% [ < (O[hg?|m)(m[hPS90) 4  bution.
a2 ; Eo—Enm +TCC, ) A more important contribution to the solvation shifts asise
due to solvent-induced changes in the molecular electroni:
wherea is the fine structure constant akg andEm are the  structure. These changes are mainly included in Bucking
ground and excited state energies, respectively. The exprenam’s gg term, and comprise both indirect and direct solva
sion shows that low-lying excited states that are symmaeity a tion effectsvide supra One of the underlying factors is the
cessible for the magnetic operators, are likely to domitlede  arrangement of both the solute and the solvent molecules i»
paramagnetic contribution to the nuclear shielding. order to minimise the total energy. The situation where the
It was shown by Buckinghaet al. that the solvent-induced solute molecule is surrounded by the explicit solvent inellsh
nuclear shielding can formally be divided into a sum of four of given thickness stabilises in most cases the ground stai~
contribution$ relatively to the excited states. However, in some cases thc
solvent molecules might stabilise the excited levels nedt
Osol = Opulk + Oa+ Ow + OE, (5)  to the ground state. Thus, the gap between the ground sta e
and excited states generally becomes smaller and morg rarei
whereadpui is the contribution from bulk magnetic suscepti- |arger than for the moleculie vacua The DOS of the vir-
bility of the solution, 0y is due to the anisotropy of the sus- ta| orbitals increases due to the presence of explicitesalv
ceptibility (magnetisability) of the solventiy arises fromthe  mglecules. These changes in the electronic states are moni:
van der Waals interaction between the solute and the sglvenigred using DOS figures in the following.
and oe from the polarisation effects resulting from electric  The results are interpreted in terms of the amplitudes and lo
fields due to the solvent. In modern experiments, the contrizglisation of the excited states that couple to the grouae st
bution from the bulk magnetic susceptibility vanishes dwe t through the magnetic operators as indicated by Eq. (4),hwhic
the use of an internal chemical shift reference. In conoeati suggests that nuclei are less shielded (as the sig &f neg-
DFT calculations, such as the ones carried out in the presesive) when the coupling with the excited state is stronge Th
paper, the van der Waals contribution cannot be captured. O#trong local nature of the PSO operator implies that a lar¢ e
the other hand, with polar solvents such as acetonitrile, th amplitude of magnetically allowed excited states at the nu-
electrostatic contribution is assumed to dominate theasolv ¢|ear site causes a large positive contribution to the cbaimi
tion shifts, and this can be expected to be well-reproduged bghjt.
DFT.
_ In this paper, solvept—lqduced chemical shlft_s are andlyse 1 Calculations
in terms of two contributions. One of these is the solvent
effect, d,, which arises from the magnetic anisotropy of the 2.1.1 Antenna molecules. The considered antenna
CH3CN solvent molecules, specifically due to the magneti-molecules are shown in Fig. 1. The molecules are pery-
cally induced currents around the multiple bond of thesNC  lene (model I), P-anhydride (model H), P-anhydride-N(Me)
group. Thed, term turns out to represent a small and fairly (model G), P-anhydride-NBIimodel F), P-anhydride-(SMg)
constant contribution to th®C NMR chemical shifts in the (model E), P-anhydride-(SPh)(model D), P-anhydride-
present systems. It arises from the secondary magnetic fiekBMe)-N(Me), (model C), P-anhydride-(SPANPh, (model
that is created by the induced magnetic moment and results iB) and P-anhydride-(SPRN(PhR) (model A)2° The ab-
a negative contribution to the shielding of the neighbogisio-  breviations used in the names of the antennas molecules cui-
lute nucleus and, therefore it increases the chemical §itifs ~ respond to Paphenyl, R=2-dimethyl-4-methyl-pentane P
contribution is included naturally in the DFT shielding@mal  perylene and Memethyl.
lations carried out on explicitly solvated simulation sslagts.
Its magnitude can ba posterioriextracted from the calcu-
lated DFT shifts. This is done by calculating magnetizapili
anisotropyAxg of CH3CN at the DFT level and then applying
the equation given in Re®,

1

Oa = *<ﬁAXg> (6)

This journal is © The Royal Society of Chemistry [year] Journal Name, 2010, [vol], 1-15 |3
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Fig. 1The studied antenna candidate molecules: a) model A, b) InBy@$ model C, d) model D, e) model E, f) model F, g) model G, h)

model H and i) perylene (model I).
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2.1.2 Technical details of the simulations.The param- level?®37using the def2-TZVP basis set For solvation ef-
eterisation of the photomolecules used the GAFF forcefieldects we average over the chemical shifts calculated fonanu
of the antechambé? suite of AMBER 123! The partial  ber of snapshots spaced evenly in time, throughout theiequil
charges were fitted from a semiempirical ARflcalculation  brated part of each trajectory. A snapshot was picked for the:
(the “bee” option for the charge method of antechamber wagjuantum-chemical calculations in 8 ps intervals for models
used). The molecules were solvated in acetonitrile, foictvhi and B and in 16 ps intervals for the other systems. The tota!
the parameterisation of Réf.was used. The simulation boxes number of snapshots that were used for the averaging was 160
contain different numbers of solvent molecules rangingifro for models A and B and 94 for the other antenna models.
285 for the smallest antenna model to 565 molecules for the We calculated the statistical errors of the averages by th:
largest model. All the MD simulations were performed usingdata halving method of Flyvbjerg and Peterséifig. 3 shows
the NAMD software34 After 0.5 ns of equilibration at 300 K  the running averages of the 94 snapshots for six chosen r...
and 1 atm in the constant pressure and temper&t@Een-  clei belonging to different groups of perylene (model I)l-Ca
semble, 1.5 ns of production trajectory was obtained in theulations of'3C NMR chemical shifts were performed at the
same conditions. The MD integration step was 1 fs. B3LYP/def2-SVPC level. The CH molecule was used as the
For the QC calculation of MD snapshots, clusters containchemical shift reference system with the shielding valueof
ing of the antenna molecule with a shell of solvent were ex= 195.62 ppm at the B3LYP/def2-SVP level.
tracted. Into the solvation shell of a given snapshot we se- 15
lected the molecules that have at least one atom closer than a o “

145
given distance from any atom of the solute molecule. Fig. 2 g w0
shows an example snapsohot of perylene withsCN solvent g 135 \/\/\ o ) f WS IN
molecules in a shell of 3.4 thickness. § 130 - § 10
°© 125 ° 125
120 120
0 10 20 30 40 50 60 70 80 90 0 10 20 30 40 50 60 70 80 90
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Fig. 3 Running averages of the chemical shifts (ppm) of the nuclei
C1, C2, C3, C4, C5 and C6 of perylene. Each nucleus belongs to a
different group of equivalent nuclei, G1, G2, G3, G4, G5 ar] &
shown in Fig. 5 below. The horizontal red and blue lines detio¢
average and its statistical error margins, respectively.

Fig. 2 A cluster constructed from a single snapshot of a molecular
dynamics trajectory: Perylene with explicit GEN solventin a The chemical shifts of the equivalent nuclei were averageu
3.5A thick shell. over and a common shift value is reported for them for all
the antennas. Each molecule contains number of nuclei th:t
have equivalent chemical shifts either under the point grouv
2.1.3 Quantum-chemical calculations. The in vacuo  operations of thén vacuostructure, or based on the practical
structures of the investigated photomolecules were obthin chemical equivalence in the solution phase at the experime..
from optimisations carried out in RéP at the B3LYP tal temperature. Those nuclei are reported in Table 1 and th=

This journal is © The Royal Society of Chemistry [year] Journal Name, 2010, [voll, 1-15 |5
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Tables S1-S8 (in the ESI), which list the calculated chemica 190 HE
shifts of each system. All the nuclear magnetic shieldifg ca BHandHLYP [
culations were performed with TURBOMOLE 6.4 packége. 140 ¢ B3LYP mEmmm |
It should be noted here that the present MD sampling is not BLYP
extensive enough for entirely quantitative results, arahgér 1
MD trajectory as well as increased quantum-mechanical sam-
pling would be needed for that purpo$&ln the present paper
we focus on the qualitative trends in the solvated shiftsifef d
ferent non-equivalent nuclei. 110 |

130

120

chemical shift (ppm)

Table 1 Calculated3C NMR chemical shifts (ppm) in perylene.

. : 100
The results are presented for groups of equivalent nucke. T G1 G2 G3 G4 G5 G6
B3LYP/def2-SVP level of theory was used

Fig. 4 Perylene'3C NMR chemical shifts (ppm) calculated with

Groul® 3nvacuo sl o ool — O Osol— O vacuo different (;n?'trr:()ds ar;)d the deff2-SVP b?ss s.et.I mr:eacu:)m.odell‘

=5 s e e o 130 — \II:vlzsgse . The numbering of groups of equivalent nuclei isahio

G2 133.45 126.74 -0.81 127.54 -6.72

G3 136.98 134.92 -0.83 135.75 -2.06

gg igg:‘;z gigg _8:gi 522411 2:28 results c_)btained with gef_Z-SVP and def2-TZVP basi_s sets ir

G6 128.20 13328 -0.94 134.22 508 shells with 3.5 and 5.8 thicknesses. The results are listed in
Table S10 in the ESI. The difference of the explicit solvatio

& See Fig. 5. shell thicknesses causes changes of about 0.11 ppm on the

chemical shifts, as calculated at the def2-SVP level. On the

Excitation energy calculations were performed for perglen basis of the results of the test, the production calculateere

. . o ~ . performed with a 3.8 thick shell.

in vacuoand in three explicitly solvated MD snapshots, which ) . . .
possess a low potential energy. We calculated the magneﬁi- About 10 ppm Iarge.r Ch?m'c‘%l shifts are obtained with the
cally relevant singlet excited state energies togethdn thie argeorl defﬁ-TdZ\]{IZD g\"’/‘lsa'sbw'f[h ?NBP; _ISheril th'CkﬂeSZ’ ?23 ;S/rlg_b*
magnetic transition dipole moments at the B3LYP/def2-sypPared to the def2- asis. While the smaller def2-3 P
level. The results are represented as magnetic absorpgas SIS sets represents a compromise for obtained chemical slin

tra based on the squared magnetic dipole transition mome)fUes: our principal goal is in the qualitative analysisas
values of each calculated excited state. trends of the solvation shifts. For this purpose, the defR-S

basis is sufficient and computatiogally feasible. Ovetald
B3LYP method together with the 3&explicit solvation shell

3 Results and Discussion thickness and the def2-SVP basis set was chosen for dynamiz
) solvation calculations. We will principally use the simgtle
3.1 Comparison of methods present system, perylene, to analyse and depict the chiemic.

We first compare the Hartree-Fock (HF) and various pETShift trends in the present antenna molecules. We present th

methods in the calculation of th8C NMR chemical shifts calculated'3C NMR chemical shift results in three groups of

of perylene. Fig. 4 shows the results at different levelgtier ~@ntennas with increasing size and complexity.

in vacuomodel. These calculations were performed using the

def2-SVP basis set. No considerable differencg can be seej, Perylene

among the methods. The exact exchange admixture (BLYP:

0%; B3LYP: 20%; BHandHLYP: 50%) has been found to be The calculated chemical shifts for perylene are listed in Ta

the most important characteristic of the DFT functionaterir  ble 1. We present both thie vacuoand solvatiorndso chem-

the point of view of NMR parameters The presently ob- ical shifts, together with the solvent anisotropic maggeti

tained, very similar data for the different functionals gagt  ability contribution d, in the third column. The solvation

that it is safe to pursue the further calculations of thisggap chemical shifts without thig posterioriextracted contribu-

with the standard B3LYP functional. The calculated cheinication, dso— J,, are also listed in the fourth column. In the last

shifts can be found in Table S9 in the ESI. column, the total differencéso — dn vacuo between the sol-
The calibration of different basis sets and thickness of thevated and thén vacuosituations is given. This is represented

explicit solvation shell was performed with test calcwdas  with colour-coding in both the chemical shift stick spectral

on one of the candidate antennas, model B. We compared thke corresponding figure of the system, in Fig. 5. The overal.

6| Journal Name, 2010, [vol] 1-15 This journal is © The Royal Society of Chemistry [year]
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scale of the solvation-induced changes shows both the posi- 3.2.1 Analysis of the results.Fig. 6 shows the total DOS
tive and negative differences that represent increase and din the immediate vicinity of the HOMO-LUMO gap of pery-
crease of thé3C shifts as a result of applying the dynamic lene in thein vacuoand three representative, explicitly sol-
solvation model, as compared to threvacuomodel. The vated snapshots extracted from the MD simulation. For the
13C shifts that have smaller values in the dynamic solvationatter purpose, we chose the snapshots numbers 103, 457 a.
model thanin vacuoare indicated with red colour. These sig- 753 which have a low potential energy in the MD simulations
nals move to right in the chemical shift spectra of the dymami of the dynamic solvation model. The coordinates of these
solvation model. The blue signals represent positive ceging snapshots can be found in the ESI. The aim is to capture th=
their chemical shifts increase in the dynamic solvation edod changes in the molecular electronic structure occurrirmnup
as compared to thie vacuosituation. For simplicity, nuclei  solvation, by monitoring the DOS of each model.

other than carbon are omitted from the Figure.

35 HoMo-1 invacuo ——
103
— 3.0 457 e
7 ’ 735 Loy
2.5
S G3 G4 G6 G5
‘3 G1 G2
| | 2 2.0
5 E 5
£ i S T © 45
i ‘ [ |
140 135 130 125 120 1.0
Chemical shift / ppm
05
Fig. 5Calculated chemical shift stick spectra of perylene as agll 0.0
its colour-coded structure. The chemical shifts of the eajant
nuclei are averaged over and reported as group results.olte ¢ Energy (eV)
coding both in the stick spectra and the structure represbat _ _ _
changes in the chemical shifts upon solvation. The redenlbiiie Fig. 6 Calculated (B3LYP/def2-SVP) density-of-states diagram f
scale indicates a decrease (red) and an increase (blua of th perylene (model )n vacuoand in three explicitly solvated
chemical shifts, when changing from tirevacuomodel to the molecular dynamics snapshot structures (snapshot nurbtérs
averaged, explicit solvated calculations. See the texa fbetailed 457 and 735). A Gaussian function with the half-width partene
explanation. equal to 0.5 eV has been used to broaden the individual matecu

orbital energy levels.

Fig. 5 shows a clear division into the red signals (decreased The first effect that can be seen is the stabilisation of the
chemical shifts) from the inner part of the system and bluegccupied orbital energy levels. As compared toitheacuo
signals (shift increase) from the solvent-accessiblenpeter  model, the energies of the occupied molecular orbitals ef th
atoms. As a result, in the dynamic solvation model the to-splvation models are lowered, all the way up to the HOMO.
tal chemical shift range is significantly smaller tharvacuo  Similarly to the occupied orbitals, the energies of theusitt
The chemical shifts of the nuclei are seen to change in a ceprbitals also decrease, even by a larger amount. Hence, the
tain way depending on the location of the nuclei in the sysHOMO-LUMO gap is also smaller for all three solvated snap:
tem. A|thOUgh there are no experimental data availablet®r t shots as Compared to vacua Another important feature is
present systems yet, our findings correlate well with thiezar  that the LUMO+1 region in the solvated snapshots is, besides
experimental study on hydrocarbons by Abbewal.** lowered in energy, also broadened as compared tim trecuo

In the following section, the chemical shift trends in pery- case. These features suggest that the valence excitaton en
lene will be analysed in terms of excited states and the cougies decrease in the solvation model. This is importantin or
pling of the ground state to these excited states through thder to understand the behaviour of the chemical shift sgynal
magnetic operators. Due to the locality of the PSO hyperin perylene in terms of magnetic coupling to excited states.
fine operator, solvation-induced changes can be expected onWe will next look at the magnetic coupling, specifically via
the solvent-accessible perimeter regions of the soluteth®n the OZ operatoh®?, to the excited states of perylene in more
other hand, through solvation-induced changes in theikazal detail. This is done by calculating the magnetic dipolegiran
tion of the magnetically allowed excited states of the sglut tion moments,,, 0 (0|h°“|m) from the ground state to the
also the shifts of the inner, not directly solvent-accdsegiln-  excited states. In order to have a consistent comparison k<
clei, can change. tween theén vacuoand solvation models, we rotate the instan-

This journal is © The Royal Society of Chemistry [year] Journal Name, 2010, [voll, 1-15 |7
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taneous snapshot structures to the Eckart ff&rffecoincid- g

ing with thein vacuoperylene at its equilibrium structure. In £

this way, both then vacuoand solvated structures have their % X momemees

Hom EXpressed in a common coordinate frame and we can cap-$ Z ,,,,,,,,,,,,,,,,,,,
C

ture clearly the solvation effects on the Cartesian comptne
Moy Homy @nd g, ,, in specific directions in the quite rigid
perylene structure.

We illustrate the excited-state calculations of both iihe &
vacuoand the three dynamic-solvation models as “magnetic o
absorption spectra”, in Fig. 7. The excitation bands of the =
CHsCN solvent molecules start at clearly higher energies than
those of the solute, at about 7.95 eV.

As the main interest here is in qualitative analysis of the
paramagnetic chemical shifts in terms of low-lying excited
states, the excitation energy calculations were perforbyed
the same DFT/B3LYP functional and def2-SVP basis set as in :
the calculations of NMR nuclear shielding. However, based ' ) '
on the previous studie¥;*°we limited the spectral range up =
to the negative of the orbital energy of the highest occupied e
orbital, ~e(HOMO) equal to 511, 551, 567 and 543 eV for 5
thein vacuosituation as well as snapshots number 103, 457
and 735, respectively, in order to avoid the errors due to the * .
DFT method used. The calculated excited state energies cam? 3
be found in the Tables S11-S12 in the ESI. Excitation energy (eV)

We focus on the changes of the solute excitations upon sol-. i , ,
vation. The spectra consist of peaks the intensities of kvhic Fig. 7 Magnetic absorption spectra based on calculations of the

. squared magnetic dipole transition moment
are proportional tqug,,, Hgmy andug,,. The spectra show 9 9 P

2 2 2 2 ;
. } : Mom = Momx + Homy + Hom . between the ground and excited states
the lowest singlet, magnetically allowed, excited states b of perylene, in then vacuoand three explicitly solvated molecular

longing to the Bg, Byg and By irreps of thein vacuomodel  gynamics snapshots (snapshots 103, 457 and 735), cattalafee
with Dn symmetry. The integrated intensities correspondings3Lyp/def2-SVP level. The Lorentzian-broadened specta a
to Fig. 7 are given in Fig. 8. shown with the full width at half-maximum equal to 0.7 ppm.eb)
Figures 7 and 8 indicate a lowering of magnetically allowedy andz components are represented by red, green and blue colors,
excited states induced by solvation, in agreement with whatespectively. The, y andz directions are specified in the molecular
could be inferred from the DOS images. At the same timeframe in Fig. 5.
the negatively signed, paramagnetic nuclear shieldingricon
butions can be expected to become stronger. However, the . . . . .
- . molecule in then vacuostructure. This results in the nuclei
solvation-induced changes are seen to affect differeotly | at the center of the system to be less shielded, particula:’,
cated'®C nuclei in quite different ways, as seen in Fig. 5. y - P P
; . . in the off-planezzcomponents of the shielding tensors, thar:
The perimeter solute nuclei become less shielded due to tht

o . : %e perimeter nuclei. With solvation, the weight of the low-
solvation-induced changes in the excited states and threref . . . .
. . . : . . lying excited states moves towards the perimeter. This siean
their chemical shift values increase. Solvation has intoed

a stronger coupling of these excited states with the groungqat the center atoms become more shielded and are, hendes
marked with red in the stick spectra of Fig. 5. On the other

h h the P in E ion 4. he oth L .
state t roug the . SO ope.rator in Equation 4. On t. e ot eﬁand, the fact that the excitations increasingly take pdatee
hand, chemical shifts of the innermost, less solvent-aiiokes . . . S
rimeter region of the system in the explicitly solvatedisn

nuclei experience the opposite change, a decrease upon SQE o
sShots, as compared to threvacuosituation, allows a stronger

vation. The site-specificity of the solvation effects sugige ! : :
. peciierty . L_gg coupling to the excited states, through the PSO operatds. Th
changes in the localisation of the magnetically accesskie ) . . :
causes the nuclei to become less shielded in the perimeter re

cited states, which are then reflected in the transitionirmatr gions, explaining why the perimeter signals move to large
lementgm|hPS f the pronouncedly local P rator. ' : : e ;
elementgm|h; >0 of the pronouncedly local PSO operato chemical shifts and are marked with blue in Fig. 5.

Fig. 9 shows the difference densities of the five lowest, mag-
netically allowed singlet excited states from the grouradest
The excitations take place mostly in the central region ef th

457 (C1)

8| Journal Name, 2010, [vol] 1-15 This journal is © The Royal Society of Chemistry [year]
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0.04 _
In vacuo
0.04 | 103
457
0.03 | 735
0.03 |
0.02 |
0.01 |
0.01 |
0.01 |

0.00 WessszsizEzacr™ :

Integrated intensity

Excitation energy (eV)

Fig. 8Integrated intensity, X°u§m(E) dE corresponding to the
calculated square of the transition dipole morwe@; between the
ground and excited states of perylene. Bothitheacuoand three
low-energy instantaneous, explicitly solvated snapsfraimbers
103, 457 and 735) are illustrated.

This journal is © The Royal Society of Chemistry [year] Journal Name, 2010, [voll, 1-15 |9



Physical Chemistry Chemical Physics

Page 10 of 15

in vacuo

o
o« 0 o

o 0
& o N

)

Big.2
N'Om2 = 1.31E-4

© ¢

¢
O .
")
‘o
8

0o ©

B1g.3
N'O‘m2 = 3.15E-5

Big.1
N'O‘m2 = 2.18E-5

Big. 4
tom? = 1.11E-5

O (‘80 &
Yy /ﬁ§ o
oo W Gy

@ o ‘o

B3g.4
H'Om2 = 5.98E-6

snapshot 103

A5
/ul)mz = 8.84E-5

\}

A3
/ul)mz = 4.58E-5

0%0%
“eO¢

A2

A7
piom? = 1.82E-5

- e g%,
I
A4
FLOm2 = 6.53E-6

Sl
LQ
® % 4
e 6

,

shapshot 457

A2

Ad

A8
;LLOm2 = 3.56E-5

A5
:LLOm2 = 1.62E-5

Q..

%ﬁ

o

%@cs

A1

:LLOm2 = 5.91E-6

snapshot 735

©
o

pe)
e P,

0™
et

A1
Lom? = 2.69E-4

A5
N'0m2 = 8.01E-H

/

6

v o 0 ?(4
0%

Qo*’“@

0

F

/

A2
N’Om2 = 6.33E-5

A4
N’Om2 = 2.63E-5

A3
N’Om2 = 2.11E-5

Fig. 9 Difference densities for the perylene molecule betweenldwelying magnetically most relevant excited states aredground state of
thein vacuostructure and three explicitly solvated molecular dynansicapshots (numbers 103, 457 and 735). Irirthiacuocase we show

five states for the two magnetically allowed irreyg andBzg, corresponding to the magnetic transition dipole mometiiéz andx

directions, respectively. The blue and red coloring reddsuild-up and depletion of density in the excited state aspared to ground state,
respectively. The calculated excited state energies céounel in the Tables S11-S12 in Supporting Information.
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3.3 Model H, model G and model F a)

In the remaining parts of the paper we present the calculated
chemical shifts for the more complicated antenna candidate
than our prototypic perylene system. We focus on the similar
ities and differences of the results as compared to the gregyl
case. The general characteristics of chemical shift spedtr
the larger antenna models are very similar to perylene. The @
inner regions of the systems are red, indicating decreabein
chemical shift upon solvation, and the perimeter regioes ar
blue, in accordance with the analysis performed for pegylen )
The solvation-induced changes occur on a broader shiferang
in these larger molecules than in perylene.

The situation for the first three, larger antenna models is il
lustrated in Fig. 10. The signals that are the most deshdelde
located at the high end of the chemical shift scale belong to
atomic centers that are bonded to two oxygens. This is con-
tributed to by to the high electronegativity of oxygen, whic
diminishes the electron density at the carbons and causies th
deshielding via the reduced, positive diamagnetic comtrib
tion. These nuclei perform similarly to the perimeter cesite
upon solvationj.e., their chemical shifts increase due to the o &0 165 s he p P o5
enhanced paramagnetic shielding contribution. chemical shit/ppm

The nuclei of the methyl groups (model G) display differ- C)\
ent chemical shift characteristics as compared to thoskeof t
phenyl groups (model F). The signal from the G1 nuclei in the
methyl groups of model G is highly shielded and appears at thi
right-hand-side of the spectrum. The position of the sigmal
close to that for the chemical shift reference system CHhe
methyl signals are fairly insensitive to the solvationticdd
changes. The C4 center in the main body of model G, whict
is bonded to the electronegative nitrogen, has a largeantnift
behaves as an inside atom upon solvation. ﬁk H

Go Ga

in vacuo

Ca

— T
Ga G377
LG

c8
—

r
)

solvation

r T T T T
165 160 155 150 145 140 135
Chemical shift / ppm

AN N e

—-20 20

cos

G2 cie_cs 8 a3 -
625 c17

c1eGl® o7 co

in vacuo

2 of cs 63 &
c28” - Cecs

ce C10 pRCitT

c

solvation

The G1 nuclei of the phenyl groups in model F show the
opposite characteristics as compared to the methyl groloe. T
phenyl signal appears on the left-hand-side (large and posi
tive chemical shift) of the spectrum. The solvent shift aé th Fig. 10Calculated*C NMR chemical shift stick spectra and
signals from C14 and G1 are similarly as the "inside” atoms.color-coded structures of a) model H, b) model G and c) model F
The other signals from the phenyl group of model F (G2-G4)See Fig. 5 for further explanations.
display a shift increase expected for solvent accessilitkenu
The C9 signal in model G and the C19 signal in model F have
extremely large solvent shifts of 13 ppm and 164 ppm
towards larger chemical shifts, respectively.

r T
165 160 155 150 145 140
Chemical shift / ppm

C3 and C13 in model C, are shifted by the solvent to smaller
chemical shifts similar as interior carbons.

3.4 Model E, model D and model C

The colour-coded structures and chemical shift stick spexdt
models C, D and E are given in Fig. 11. The general features
of the carbons that are bonded to oxygen and nitrogen in these
models are the same the as discussed above. The signals from
the carbons located within the main body of the structurés an
bonded to sulphur,e., G1 in model E and model D, as well as

This journal is © The Royal Society of Chemistry [year] Journal Name, 2010, [vol], 1-15 | 11
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The -S-CH methyl group (G7) in model E is not as inert
to solvation as the G1 carbon in the -N-gbf model G. The
G9 signal of the phenyl group in model D is shifted to larger
chemical shifts by the solvent. Thus, the behaviour of the G9
carbon that is bonded via a sulphur atom to the perylenadiffe
from that of the G1 carbon in the phenyl group of model F,
which is directly connected to the perylene moiety.

3.5 Model B and model A

Solvent effects on th€C NMR chemical shifts of the biggest
studied chromophores can be analysed in terms of the pre-
viously discussed, smaller perylenes, as they share common
characteristics (see Fig. 12). The signals of the -N-Ph yhen
substituent (G6) of models A and B are shifted by the solvent
towards smaller chemical shifts, whereas the other sitéseof
-N-phenyl group are relatively insensitive to solvationfas

the previously discussed F model. Surprisingly, the chamic
shifts of the carbons of the -S-Ph group slightly decreasaup
solvation in contrast to the trend for the correspondindeiuc

of model D. The reason for the different solvent shifts is not
understood. Apparently, it is caused via some mechanism by
the bulky substituents of the A and B models.

° ~ o -17 17
G10 67
G4, ) C3 G
6040 3 L - R .
O I o
G c <) ce
&} Gia %0
OGO & =)
G2 3 o cis G
8 2 ah ca
2
G6'
G5, r T T T T =7 T
8 165 155 145 135 125 35 25
C1 Chemical shift / ppm
_—
-12 12
o G0
3 o @ o
g o o oo g, O o
- 1 ‘ C14 g, H
T e
5 P \G‘T LTl o
8 @
165 160 155 150 145 140 135 130 125 120
Chemical shift / ppm
-17 17
° clgcm
g a 2
§ ca ce 92566‘2 car
C £ ECCI MY, Ry
10C12, ‘ |
o1 T — —
5 G3 c8 c22°" a G1 G2
230,05 H e LT ©
19 @ ' |
165 155 145 135 125 115 50 40 30
Q @ Chemical shift / ppm

Fig. 11 Calculated3C NMR chemical shift stick spectra and
colour-coded structures of a) model E, b) model D and c) mGdel
See Fig. 5 for further explanations.
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Fig. 12 Calculated3C NMR chemical shift stick spectra and colour-coded stmestwf a) model B and b) model A. See Fig. 5 for further
explanations.
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In model A, the signals from the nuclei belonging to G11-the coupling between the ground state and the magneticall
14 inthe larger substituent appear on the right-hand-ditteeo  allowed excited states. A increase in the chemical shift in-
spectrum, similar to signals of aliphatic hydrocarbonsisTh dicates a stronger coupling between the ground state and tt =
behaviour can be related to theé’dpybridized character of the excited state by the localised magnetic operators at thmper
substituent in question, resembling the methyl groups é th ter region of the solvated molecule. In contrast, the cogpli
smaller models and the GHleference system. is reduced for the carbon nuclei that are close to center. An
other solvent-induced effect that originates from the netign
anisotropy of the CEICN solvent molecules, was found to be

4 Conclusions
small and almost constant.

In calculations of NMR chemical shifts, modeling of solvent

effects is challenging, because it is essential to expligit

clude solvent molecules. The interactions between theesolu Acknowledgements
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