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Abstract

Evidences of subtle effects in the dynamic reorganization of a protic solvent in its first-
and farther-neighbor shells, in response to the sudden change in the solute’s electronic
distribution upon excitation, are unveiled by a multi-level computational approach. By
combining non-equilibrium molecular dynamics and quantum mechanical calculations, the
experimental time evolution of the transient T absorption spectra of an heteroleptic Ru(Il)-
polypyridine complex in ethanol or di-methyl sulfoxide solution is reproduced and ratio-
nalized in terms of both fast and slow solvent re-equilibration processes, which are found
responsible for the red shift and broadening experimentally observed only in the protic
medium. Solvent orientational correlation functions and a time-dependent analysis of the
solvation structure confirm that the initial, fast observed red shift can be traced back to the
destruction/formation of hydrogen bond networks in the first-neighbor shell, whereas the
subsequent shift, evident in the [20-500] ps range and accompanied by a large broadening
of the signal, is connected to a collective re-orientation of the second and farther solvation
shells, which significantly changes the electrostatic embedding felt by the excited solute.



The solvent relaxation response to the solute out of equilibrium plays a crucial role in de-
termining rates and energetic of any physicochemical process in solution.'”® In the past two
decades, thanks to the rapid development of ultrafast spectroscopic techniques, an increasing
interest has been devoted to the role played by the solvent on the ultrafast dynamics of photo-
excited CT states, which are relevant in many photochemical and photophysical phenomena
in different fields.”~!! Experimental research has been assisted by computational studies able
to deliver atomistic insights into the solvent response dynamics and, in turn, on its impact on
the electronic structure of the photo-excited solute.® 1222 Within this framework, however,
ultrafast experiments on solvated transition metal (TM) complexes are relatively few and re-
cent,!8:19:23-29 degpite their ubiquitous employment in photovoltaics, optoelectronic devices
and medical applications.>*3> Most of the published work focuses on polypyridine com-

24,36 in particular on the prototype [Ru(bpy)3]>* complex, where the electron local-

plexes,
ization/delocalization dynamics following the photoinduced CT has been widely studied and

debated.'®20-21.3741 Ip the past years, solvent-dependent analysis of the transient absorp-

19,27,42-44 20,21,45-47

tion spectra, supported by computational modeling, suggested the idea of
a rather complex solvent response dynamics, with the solvent as a principal actor in the modifi-
cation of the solute’s excited state charge distribution, often through the formation or breaking
of strongly interacting solute-solvent clusters.

Recently, some of us reported joint experimental-computational studies on the excited state
dynamics of the heteroleptic (NCS);Ru-(bpy-(COOH);)(bpy-(CeH13)2), Z907, dye, both in
ethanol (EtOH) and dimethyl-sulfoxide (DMSO) solutions.?”>*® Upon visible excitation at
520 nm, the experimental transient absorption spectra (TAS) (see panels a) and b) in Figure
1) showed a positive signal around 650 nm, attributed to the absorption of the triplet ligand-
metal (NCS-Ru) to ligand (bpy-COOH) charge transfer CLML/CT) state, displayed in panel
d), formed by ultrafast (<100 fs) intersystem crossing from the initially excited 'LML/CT
state.*>>1 While the signal in EtOH was progressively red-shifted and broadened in the [1
ps — 500 ps] range, no significant spectral changes were recorded in DMSO, suggesting that

different solvent relaxation dynamics were responsible of the observed differences in the TAS

evolutions. Even if theory might shed some light onto these phenomena, it is worth to stress that,



from a computational point of view, a reliable modeling of TM complexes and their photochem-
ical behavior is dramatically challenging. On the one hand, the feasibility of a pure quantum-
mechanical (QM) approach?’ is limited by both the system size (a relatively large number of
solvent molecules should be accounted for) and the time scale (at least 500 ps) spanned by their
dynamics. On the other hand, simulation techniques based on classical physics can seldom de-
liver a reasonable description of TM systems, in particular in their electronically excited states,
due to the lack of standard force-fields (FFs) able to describe both the coordination around the
metal center and the excited state vibrational dynamics. To tackle this problem, we developed*®
two accurate quantum mechanical derived force fields (QMD-FFs), specifically parameterized
for the ground (Sy) and lowest triplet (T1) states of Z907 using state of the art techniques.*!-%3
Such QMD-FFs were validated by employing them in a multi-level protocol, to preliminary in-
vestigate the solvent effects on the steady-state absorption of the Z907 dye.*3

Here we go farther, by addressing the modeling of the dynamic reorganization of the solvent
out of equilibrium and its response to the sudden change in the solute’s electronic distribution,
to ultimately reproduce and rationalize the time evolution of the transient T absorption spec-
tra of Z907 discussed above and displayed in Figure 1. To accomplish this challenging task,
sufficiently long (~ 1 ns) non-equilibrium MD simulations based on the specific QMD-FFs*®
have been carried out, followed by solvent response analysis and extensive transient electronic
absorption spectra calculations. The pivotal idea is to mimic the excitation process from the
ground Sy state to the first triplet state T; with a sudden change of FF, monitoring the subse-
quent system dynamics through nonequilibrium runs (hereafter referred as Ty @EtOH,,., and
T1 @DMSO,,¢).

While the full protocol can be found in the Supporting Information, here we just resume the
key points: i) 60 configurations are randomly extracted from the So@solvent,; NPT produc-
tion runs;*® ii) the resulting configurations are employed as starting arrangements for further
60 NPT runs of 500 ps, using the T{ QMD-FF; iii) during each run, the relaxation of both so-
lute and solvent nuclear coordinates, is monitored by storing the trajectories every 1 ps. The
obtained frames were re-grouped into separate time intervals (ps), [0-1], [1-5], [5-20], [20-200]

and [200-500]; iv) from ~ 40 to ~ 100 configurations are selected from each time interval, and



used for the QM/MM excited state (unrestricted TD-B3LYP>%) calculations of T;. The transient
absorption spectra were then obtained by Gaussian convolution (o = 0.1¢V) of the vertical ex-
citation energies of the lowest 55 T; — T, transitions. In each configuration, the QM layer is
composed of the solute and a certain number of solvent molecules, as detailed in the Supporting
Information, while the MM layer is built by describing with point charges all the remaining sol-
vent molecules within a radius of 15 A from the center of mass of Z907. To better elucidate the
role of the solvent re-equilibration, QM calculations of the T; vertical transition energies were
carried out accounting for the solvent through three different schemes of increasing complex-
ity: through a fully implicit continuum description (C-PCM), with an hybrid explicit/implicit
scheme (C-PCMy,;,) and a more complete scheme (QM/MM), where the solvent and its first
solvation shell are accounted for at QM level, whereas the rest of solvent atoms are represented
by point charges.

The thermal-averaged TAS in EtOH and DMSO, calculated with the QM/MM scheme by
averaging the computed excitation energies over all the snapshots pertaining to a selected time
interval, are plotted against the experimental counterpart and displayed in panels a) and b) of

Figure 1. For the sake of clarity, all the experimental?®’

and calculated absorption maxima are
gathered in Table 1. As is apparent in Figure 1 and reported in Ref. [27], the spectral evolutions
in EtOH are quite different from those obtained in DMSO: while in the former an apprecia-
ble red-shift from 630-640 nm to 660-700 nm is observed along the monitored time delay, the
recorded shift is negligible in the DMSO, presenting only small variations within the 635-648
nm range. Noticeably, the calculated absorption maxima (Table 1) in the QM/MM scheme al-
most quantitatively reproduce this picture, predicting only insignificant energy changes around
620-630 nm in DMSO and a clear shift at longer wavelengths (from 640 to 670 nm) in EtOH.
The remarkable agreement between the experimental (full lines) and calculated (dashed lines)
TAS profiles is even more evident in Figure 1, where the blue (20-200) ps and green (200-500
ps) lines are, in both experiments and theory, sizably red-shifted and broadened for EtOH, while
for DMSO the absorption maxima and band shapes remain essentially unchanged as the time

delay increases.

By treating the medium at different level of approximation on the same solute’s snapshots,



}Lmax (nm)
Time (ps) EtOH DMSO
exp?’ C-PCM C-PCM,,, QM/MM | exp’’ QM/MM
1 631 641 636 632 634 622
648 642 644 649 639 630
20 666 634 638 640 646 625
200 706 640 650 660 648 627
500 682 640 648 671 640 623

Table 1: Thermal-averaged and experimental?’ absorption maxima (nm) of the SMLL/CT state in ETOH
and DMSO. In the former solvent, three different solvation schemes are compared for the computed
spectra: i) C-PCM,; ii) C-PCMy,,; iii) QM/MM.

we can access to more refined information about the origin of the aforementioned spectral shifts.
First, as is apparent from panel c) in Figure 1), the calculations with an implicit solvent model
(C-PCM) do not provide any shift in the triplet absorption maxima, calculated at about 640 nm
(Table 1), allowing us to rule out the hypothesis that the predicted spectral evolutions might
come from peculiar solute geometrical relaxations, induced by slow ethanol reorganization dy-
namics. Interestingly, when the first solvent shell surrounding the Z907 dye is explicitly in-
cluded in the QM region, while the remaining solvent molecules are replaced by a continuum
medium (C-PCMy,;), the effect is only partially captured, with the band maximum passing
from about 640 nm at early times (1-20 ps) to about 650 nm after 20 ps. This finding is of
pivotal importance here. Indeed, while the small spectral shifts occurring at short time delays
(5 and 20 ps) are already well reproduced by including explicitly only the first solvation shell,
to account for the larger shift and broadening characterizing the longer time delays (200 and
500 ps), it is necessary to also include the specific electrostatic embedding of the farther sol-
vation shells. On these grounds one can thus infer that the origin of latest spectral shifts has
to be found in slower reorganization dynamics of the second EtOH shell, which follows the
faster solute-solvent hydrogen-bonds breaking involving the first shell upon the electronic exci-
tation. Such an hypothesis seems to be supported by the results reported by Szymczak et al. in
a non-equilibrium simulation of the photo-excitation of [Ru(bpy)g,)]2+ in water,*” whereas the

behavior observed in DMSO, confined to lighter reorganization effects within the first solvation



shell, is more similar to the results obtained for [Fe(bmicp)z]%L in acetonitrile.”* With this infor-
mation in mind, we will analyze the non-equilibrium solvation process by following the solvent
dynamics around the complex at defined time intervals after the CT electronic excitation.

The atomic pair correlation functions gqg(r) (see Ref.[48] and Supporting Information for
definition) were computed for each time interval of the non-equilibrium MD trajectories and
provide us with precise information on the solvent structure and its temporal evolution along
the equilibration process. Considering that the local reorganization of solvent molecules around
the solute in an aprotic medium is much less affected by the electronic transition,*® here we
will limit the discussion to the EtOH case, while the same analysis in DMSO is reported in the
Supporting Information. To monitor this reorganization around the excited solute, a reasonable
choice is to follow the H-bonds network rearrangement, by calculating the gs_ (r) and go—_g(r)
functions, and the ethanol structure around the metal center, by calculating the gg,—g(r) and
gru—o(r) functions. The top left panel of Figure 2 shows that the reorganization of the solute-
solvent H-bond network around the NCS group following the electronic transition is ultrafast,
as, over the first picosecond of simulation, the number of solvent hydrogen atoms close (and
mostly H-bonded) to the Z907’s Sulfur almost halves (black line) with respect to the population
calculated*® for the ground state (dashed blue line). The partial CT to the carboxylic groups
induces a concomitant strengthening of the COOH-EtOH H-bonds, evidenced by the sudden
increase of the first neighbor peak in the gog(r) plot (bottom left panel of Figure 2). At 500
ps, the pair correlation function almost coincides with the one retrieved*® from the T, @EtOH,,
run (green dashed lines), indicating that the solvent equilibration process has come to an end. In
both functional groups, however, the net decrease/increase in the SH/OH first shell population
caused by the electronic excitation, is completed within the first three time intervals (20 ps),
while only minor adjustments seem to take place thereafter. Nonetheless, we can expect that
the breaking of the H-bonds between the solute NCS groups and the ethanol molecules within
the first solvation shell (0-20 ps) will affect, at longer time delays (20-500 ps), the structure of
the second solvation shell, as, indeed, shown by the increase of the second peak at ~6 A in the
top left panel of Figure 2. Similarly, slower reorganization effects, characterized by a decrease

of the population of the first shell (~4 A) and an overall increase of the Ru-EtOH distance, also



occur around the Ru atom (blue and green full lines in the top and bottom right panels of Figure
2), which undergoes a net charge depletion upon the electronic excitation.

The short- and long-range orientational ordering around the solute in the ground and excited
state was farther investigated by computing, over the equilibrium trajectories So @solvent,, and
T @solvent,,, the 19 orientational correlation function, defined in terms of the projection
of the rotational invariant® (see Supporting Information for a theoretical background). This
function gives information about the orientation of the instantaneous molecular dipole of the
solvent with respect to the solute’s vector defined by either the C-S bond of the thiocyanate
groups or the C-O bond within the carboxyl group. Results are presented in Figure 3 for both
solvents. In the protic solvent (left panel of Figure 3), the correlations around the C-O bond
are less intense than those around the C-S bond, which is consistent with the results obtained
for the pair correlation functions. The most striking effect is indeed the dramatic change in
the orientational ordering around the thiocyanate groups. In the presence of a strong EtOH-
thiocyanate hydrogen bond in the ground state, we note a well defined double peak at distances
consistent with those in the first shell. This double peak may be connected with quite a strong
local alignment of solvent molecules, leading the ordering around one SCN group to be ’felt’ by
the second one. Moving to the excited state simulation, we observe that this strong orientational
ordering definitely weakens (the corresponding function is much less structured). Regarding the
correlations around the C-O bond, a similar loss of ordering in the first shell is observed and
a small negative peak become more intense at distances that are consistent with the (carboxyl)
O---HO interaction. The corresponding analysis in aprotic solvent (right panel) shows that
conversely the average orientation of DMSO molecules does not change upon the excitation in
the solute and that the only effect is a slightly smaller population of solvent molecules in the
first solvation shell.

The analysis discussed so far suggests the occurrence, at longer time delays, of a disruption
of the local order in the second, and possibly farther solvation shells, induced by the ultrafast
breaking of the NCS-EtOH H-bonds within the first solvation shell, in turn triggered by the
markedly different solute’s charge distribution. These findings can be corroborated by “visual-

1zing” the solvent reorganization through the calculation of the spatial density functions (SDFs)



of both the Hydrogen and Oxygen atoms of the ethanol OH group, for the Sg state and for each
considered time interval following excitation. Within each interval, SDFs were averaged over
60 different runs, to improve statistics. Results are displayed in the top panel of Figure 4. Be-
fore excitation (Sp), the solvent is well structured around the NCS and COOH groups, with the
network of H-bonds closely surrounding the S atom. Furthermore, even if more sparse (see also
Figure G in the Supporting Information) a not negligible structured solvent density is also found
around the metal, in agreement with the pair correlation functions displayed in Figure 2. Within
the first 20 ps, this picture is completely perturbed as a consequence of the electronic transi-
tion and the related CT event: the charge depletion on the NCS ligands causes the progressive
breaking of the H-bond network and the consequent decrease of the solvent density around the
Sulfur atoms. On the same foot, the solvent mostly migrates to larger distances from the metal,
starting to reside more often near the aromatic rings. As a consequence of these fast rearrange-
ments, the solvent further relaxes, reaching a more structured reorganization only after 200 ps.
In the 20-200 and 200-500 ps time intervals a re-orientation of the OH ethanol groups is clearly
visible, with the Oxygen density (orange clouds) now oriented toward the Z907 and the Hydro-
gen atoms (violet density clouds) pointing instead toward the second neighbor shell, to possibly
re-create H-bonds interactions. Indeed, this slow re-orientation is most likely capable to induce
a rearrangement of the outer solvation spheres, which is revealed by the different long-range be-
havior of the T orientational functional, shown in Figure 3. Based on these findings, it should
be expected that the solvent mean field felt by the solute and affecting its electronic behavior,
changes along the monitored time intervals, even at longer time delays. This hypothesis is con-
firmed by computing from the point charge distribution (see Supporting Information for details)
the average electrostatic potential experienced by the the Z907 dye at different time intervals,
as shown in the bottom panels of Figure 4. The main effect (i.e. a decrease of about 0.03-0.04
a.u.) involves the NCS ligands, where the directionality of the solute-solvent interaction dic-
tated by the H-bonds is lost and followed by a complete reorientation of the EtOH molecules,
now pointing the Oxygens atoms toward the solute. A minor increase in the solvent mean field
(about 0.01 a.u.) is also appreciable in on the BPY ligand bearing the COOH group, undergoing

charge accumulation during the electronic excitation. These changes in the solvent mean field



are compatibles with a blue-shift of the transient T absorption, arising from destabilization of
the T3 excited state (see Figure H in the Supporting Information), which involves a CT from
the reduced BPY-COOH to the Ru atom and a charge re-distribution on the NCS groups.

Concluding, by setting up a multilevel computational protocol, we have precisely simulated
and fully rationalized the temporal evolution of experimental UV-Vis transient absorption spec-
tra of the Z907 dye recorded in EtOH and DMSO. Noticeably, the spectral shifts occurring at
long time delays (20-500 ps) in EtOH were shown to arise from slower reorganization dynam-
ics of the second and farther solvation spheres following the ultrafast breaking of the network
of solvent-solute H-bonds consequent to the electronic excitation to the 3LML'CT state. The
analysis of such solvent relaxation process along the excited state non-equilibrium dynamics
unveiled two main "slow" phenomena modifying the average electrostatic potential acting on
the solute: 1) a global drift of the solvent away from the Ru center toward the second shell due
to the mutated excited state charge distribution ; ii) a re-orientation of the solvent OH groups
around the solute’s NCS ligands after the breaking of the H-bonds, with the H atoms pointing
toward the outer shell to possibly re-create the Hydrogen bonds.

Beside the remarkable agreement with the experimental spectra and the rationale proposed
to interpret the specific Z907 TAS behavior at longer time delays, here we show that the consis-
tent integration of different computational approaches in a sound multi-level procedure can be a
powerful and reliable tool to achieve a deeper, atomistic, insight on the mechanisms underlying
the electronic behavior of solvated TM complexes. This opens promising perspectives in the
possibility of accurately treating the electrostatic and explicit solute-solvent interactions, which
modify the solute’s excited state density during the solvent relaxation process, finally delivering

important information for the design of optimized photoactive molecular species.
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Fi gure 1: a) Calculated thermal-averaged (dashed lines) and experimental (full lines) transient absorption spectra
in ETOH. The spectra are divided in time intervals, following the experimental time evolution, to monitor the effect
of solvent reorganization as a function of time on the solute’s optical response. The calculated spectra refers to the
QM/MM solvation scheme. b) Calculated thermal-averaged (dashed lines) and experimental (full lines) transient
absorption spectra in DMSO. c¢) Thermal-averaged transient absorption spectra in ETOH calculated using different
solvation schemes: C-PCM (dashed lines), C-PCMy,;, (dotted-dashed lines and QM/MM (full lines). d) Chemical
structure and iso-density plots (iso-value 5.0 x 1073) of CT characterizing the 3LML'CT of Z907. Red/blue lobes
correspond to charge depletion/accumulation.
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Figure 4: a: SDF’s plots of the EtOH solvent molecules around the Z907 dye in different time intervals. Violet
and orange density clouds are employed for solvent H and O atoms, respectively. b-c: representation of the mean
solvent (EtOH) electrostatic potential (10?a.u.) over the van der Waals surface the Z907 dye (excluding the alkyl
chains). The color range is chosen so as to focus on the changes that arise on two different regions as indicated by
yellow circles: the NCS groups (b) and the aromatic rings (c).
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