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Abstract

The magnetic-field dependent charge recombination kinetics upon ns-laser flash photolysis of a novel
triarylamine/cyclometalated platinum complex/napthalenediimide acceptor triad (DPtA) have been
measured in tetrahydrofuran (THF) and polytetrahydrofuran (pTHF) to study the spinchemical effect
of a large increase of the macroviscosity of the solvent by a factor of about 1000. The magnetic-field
dependence of the decay kinetics of the charge separated state has been accurately reproduced by a
classical kinetic model, wherein the rate constant of transitions between spin substates of different
Zeeman energy is represented by a single magnetic-field dependent rate constant k.. In THF, the
magnetic-field dependence of k. is given by a double Lorentzian function which, in a double log plot,
shows two characteristic steps that can be consistently assigned to the magnetic field inhibition of
the coherent and incoherent i.e. relaxational spin mixing mechanism. In pTHF, the magnetic field
effect on k. is a single step function decreasing to its limiting value at about 5 times lower fields than
in THF. As shown by a quantum theoretical simulation, in this solvent coherent and incoherent
processes are contributing equally at all fields. The nanoviscosity of pTHF appears to be much smaller

than its macroviscosity.



Introduction

Charge recombination of charge separated states formed by photoinduced electron transfer has
been a central scenario of spin chemistry from the early days when the field started to develop.[1-3]
The high interest in photo-induced charge separation and recombination is based on the prominent
role of such processes in photochemical energy conversion in nature and technology. Thus, basically
motivated by the public demand to develop efficient systems for photochemical energy conversion,
chemically linked electron-donor/acceptor systems have become prominent objects of research also
in spin chemistry.[4-7] While flexible linkers still provide ample configurational freedom, rigidly linked
donor/acceptor systems, mimicking in a way the situation in natural photosynthetic reaction centers,

are easier to understand and better to control.[8-12]

In linked, just as in free radical ion pair systems, charge recombination is spin-controlled. Singlet or
triplet recombination channels are selective for singlet or triplet radical pair states, respectively.
Therefore, spin transitions within the radical pair state become an essential part of the reaction
kinetics. Altogether, a full theory of charge recombination in a linked system has to account for [13]
(i) coherent spin state mixing by {} time-independent magnetic interactions such as the isotropic
hyperfine coupling, (ii) for incoherent spin state mixing, usually termed relaxation, by fluctuating
magnetic interactions, such as the modulation of anisotropic hyperfine coupling by rotational
diffusion, and (iii) for the spin-selectivity of recombination. In a rigorous way, the combination of all
these interactions and processes can be adequately treated by a stochastic Liouville equation for the
spin density matrix. However, classical kinetic approximations can be useful in providing transparent

rationales and kinetic understanding.

In previous work from the present authors on a donor-iridium-complex-acceptor triad,[14] the
classical scheme (cf. Figure 1) first used by Hayashi and Nagakura[15] to account for the magnetic

effects on spin relaxation in radical pairs in micelles,[15] has been shown also to represent a good



phenomenological basis for the kinetics of spin-selective recombination and the incoherent as well as
the coherent spin mixing processes in linked donor/acceptor systems. The rate constants of spin
conversion processes connecting levels of different Zeeman energy k., k., and k. were assumed to
equal the same magnetic field dependent value k., whereas the rate constant ks, the reaction rate
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Figure 1 Spin chemical model for the charge-recombination of radical pairs with negligible exchange interaction
and a finite Zeeman splitting. The rate constant kg is assumed to be zero because the T/S, process is spin-

forbidden. Magnetic field dependent processes are depicted in red.

ksand kr, and the initial singlet probability ps were magnetic-field independent global parameters.
Fitting the parameters of this model yielded an excellent simulation of the observed charge
recombination curves over a field range up to 1800 mT. The double log plot of k. versus the magnetic
induction B resulted in a two-step curve, following a double Lorentzian function, with a consistent
assignment of the low field step to the field effect on the coherent spin mixing process and of the

high field step to the incoherent spin mixing, viz. spin relaxation process.

In an attempt to test our classical model we sought for an experimentally easy to vary parameter

with an extreme effect on the relaxation-related second step of the double Lorentzian function. Such



a parameter is solvent viscosity, because the electron spin relaxation time is critically dependent on
the rotational correlation time of a radical. To achieve such a high viscosity variation we selected the
solvent pair THF/poly-THF (pTHF). Whereas the polarity of these two solvents is rather similar, the
viscosity is about three orders of magnitude higher in the polymer. That would lead to a drastic pro-
longation of the rotational correlation time and, hence, to an extreme acceleration of spin relaxation
at low fields. The solvent viscosity effect might even lead to a situation, where the fast motional
Redfield limit is no longer valid and where a specific slow motional treatment would have to be
applied. In the extreme, one could approach the situation of a rigid medium where anisotropic
interactions like the anisotropic hyperfine coupling (ahfc) become time-independent, such that both
isotropic and anisotropic interactions lead to coherent spin mixing, albeit depending on the

moleculat orientation.

The pertinent experiments were performed with a triad DPtA, where D is a triarylamine (TAA)
electron donor, A is a naphthalenediimide (NDI) electron acceptor, and Pt stands for a cyclo-
metallated platinum complex with a dipyrrin spectator ligand which shifts the main absorption of this
central metal complex to the visible spectral regime. Thus, this platinum complex acts as a photo-
sensitizer, that, when excited, initiates an electron transfer cascade which ends in a charge separated
state where the donor is oxidized and the acceptor is reduced. In this way, the present triad is very
similar to the previous one, but with platinum replacing iridium in the bridging metal complex (for a

structure of the triad cf. Figure 2).

Experimental

The novel electron donor acceptor substituted Pt(ll) complex, DPtA (cf. Figure 2) was synthesized
starting from commercially available precursors following a route established in the literature.[14,16]
The details of its synthesis are described in the Supporting Information (SI). Nanosecond laser flash

spectroscopy of DPtA was performed in THF and pTHF as solvents. Some characteristic physical



parameter values of the solvents are listed in the SI. Most important for this work are the viscosity

values at 25°C of 0.518 m Pa s and 443 mPa s for THF and pTHF, respectively . For the magnetic field
independent measurements the samples were excited at 24000 cm™ (416 nm) with 5 ns pulses using
a laser-flash spectrometer setup. For the magnetic field dependent measurements, the samples were
excited at 19900 cm™ (503) nm and 19800 cm™ (505) nm in THF and pTHF respectively. The magnetic
field was varied in about 90 steps from 0 mT to 1800 mT. Details of the nanosecond laser experiment

can be found in the SI.

Results

Steady state absorption spectroscopy

The steady state absorption spectra of the triad DPtA and its central chromophore Pt in DCM are
shown in Figure 2. The transitions observed around 19800 cm™ and 22900 cm™ correspond to ligand
centered (LC) m-m*-transitions and metal-to-ligand charge transfer (MLCT) transitions, respectively, of
the central Pt(1l)-dipyrrin moiety.[17-19] Between 25000 cm” and 30000 cm™ the absorption is
dominated by n-m*-transitions of the NDI,[20] while between 30000 cm™ and 37000 cm™ the lowest
T-rt*-transitions of TAA[21,22] are superimposed on higher energy transitions of the central Pt-
chromophore.[14,19,23,24] . Transitions at energies higher than 37000 cm™ can be assigned to m-m*-

transitions in the various aromatic systems of the triad.
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Figure 2 Chemical structure and steady state UV/Vis-spectroscopy of DPtA (solid) and Pt (dashed) in DCM at rt.

Shaded areas are influenced by the NDI (red) and TAA (blue) moieties respectively.

Transient laser flash spectroscopy

As can be seen in Figure 3 a), the first transient spectra in the nanosecond time region show a
bleaching signal around 19800 cm™ ( 505 nm) with a shoulder at higher energies. This signal can be
assigned to the ground state bleaching (GSB) of the central metal complex. The GSB decays with a
lifetime of 26 ns to give rise to a second transient (Figure 3 c)). As shown in Figure 3b) this second
transient clearly shows bands characteristic of the NDI radical anion at 21100 cm™ (474 nm) and
16600 cm™ (602 nm)[20] and of the TAA radical cation at 13600 cm™ (735 nm).[21] It can therefore
be assigned to a charge separated state in which an electron has been transferred from the electron
donor TAA to the electron acceptor NDI, forming a radical pair which decays monoexponentially to
the ground state with a lifetime of 0.41 ps (Figure 3 d)). Similar results are obtained in pTHF as can be
seen in Figure S1 in the SI. The process of charge separation is very likely analogous to similar triads
with iridium (lll) as a central metal ion, which have been described in the literature.[14,16] Therefore
it is proposed that charge separation takes place in a pseudo concerted manner in which the
intermediate state is not observed because the second electron transfer is much faster than the first.
This interpretation is further encouraged by fs-transient absorption measurements of DPtA which
show two short lived initial transients corresponding to S/T intersystem crossing and triplet
relaxation in the central metal complex and a final species, growing in with a lifetime of >10 ns. The
latter transient species shows the characteristic absorption features of the NDI radical anion and the
TAA radical cation. A more detailed description of the fs-transient absorption measurement and the

process of charge separation is given in Figure S2.
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Figure 3 ns-transient absorption spectroscopy of DPtA in THF at rt after excitation at 24000 em™. Spectra are
depicted in blue to green at early times ( a) between 0.25 us and 0.37 us) and green to red at later times ( b)

between 0.37 us and 1.87 us), c) kinetics of the decay at 19900 em®and d) at 21100 em™.

Magnetic Field Effects

For both solvents, THF and pTHF, the magnetic field effect on the charge recombination kinetics is
displayed in Figure 4 (a-d). At short times, the decay profiles were transformed to a formally sudden
formation by a deconvolution of the rising part, taking into account the precursor life time, the laser
pulse width and the instrument response time and were normalized to 1(for details cf. Figure S3). A
magnetic field causes a significant slowing down of the decay of the CS state, whereby at each point
in time, the decay curves change in a monotonic way, i.e. without any curve crossings. At zero field,
the decay is monoexponential with life times of 0.41 us in THF and 0.64 us in pTHF. At higher fields,
the decay becomes biexponential and approaches a saturation limit above 1000 mT. In that field
region, the lifetimes of the two decay components become very extreme. For the fast component,
comprising about one third of the kinetics, they amount to 0.25 ps in THF and 0.36 us in pTHF, and
for the long component to 14.0 us in THF and 24.5 us in pTHF. Thus, in the extremes of zero field and
high field, there is no drastic difference between the two solvents. There is, however, a drastic
change in the magnetic field dependence in the intermediate region. In case of pTHF the sensitivity
to a magnetic field is much higher, or in other words, the saturation limit is approached much faster

in case of pTHF as demonstrated by the color code of the decay curves in Figures 4a-4d.



Classical kinetics analysis

According to the scheme in Figure 1, the rate equations for the populations of the four spin substates

are given by equations (1) .
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Following our previous analysis of the spin chemistry of a triad with a central Ir complex, we will
assume that k5, the rate constant of spin-forbidden recombination can be set to zero, and that ksyo,
describing the coherent spin interconversion between S and Ty, can be fixed to 4.0 x 10’ s* based on
the semi classical model by Schulten and Wolynes.[14,25] Of the remaining parameters, ks as well as
the initial singlet character ps are magnetic field independent (global) parameters, while k. k. and ki,
the rate constants of processes between spin levels of different Zeeman energy are assumed to be
identical functions of the magnetic field. The parameters ps and ks were determined by a global fit of
the decays at 16 representative magnetic fields using script 1 given in the SI. It turned out that, at low
fields, the values of ks and k. can compensate each other. Therefore, to arrive at a physically
sensible, unique solution, the preliminary values of k. were extrapolated to zero field using the
function

_ K, K
k,(B) = (2)
-(B) 1+(|30/Bl)2+1+(|30/Bz)2+k0
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Figure 4 Magnetic field dependence of charge recombination kinetics. a) and b) Experimental signal traces in
THF and pTHF. Field ranges are indicated by color code. c) and d) Decays on shorter time-scale, with 7 signals
for given field values enhanced in color. The onset of these signals have been deconvoluted for the delayed
formation of the CS state (for details cf. SI) and have been normalized to 1. e) and f) Simulation of decay curves
by classical kinetics model (for values of kinetic parameters cf. Table 1). g) and h) Quantum theoretical

simulation using the given rotational correlation times.



As has been shown previously,[14] the first term represents the contribution of coherent spin mixing,
whereas the second and third account for incoherent spin mixing, i. e. for relaxation. It appears
plausible that k; should equal kst , in consideration of the fact that the triplet sublevels are
degenerate at zero field. Hence the value of ks was adjusted in such a way as to yield a k; value equal
to ksto. After fixing ks and ps using script 1, the ultimate values of k. (B) were determined by
individually fitting the decay curve at each magnetic field using script 2 given in the SI. The final
parameter values are listed in Table 1. The low values of ps indicate that the charge separated state is
initially formed with essentially triplet spin alignment, which is also in agreement with the
interpretation of the fs-experiments, from which a fast S/T intersystem crossing in the excited
precursor state has been implied. Furthermore, the spin-allowed recombination rate in the singlet
radical pair state does not differ greatly between the two solvents, in contrast to the parameters
describing the magnetic field dependence of k., most noteworthy those in the second term in
equation (2). For pTHF, a unique set of parameters does not exist. Selections of parameter sets
yielding practically identical fit curves are provided in Table 1 and in Figure S6. It turns out that,

based on the given assumptions, the observed charge recombination

Table 1: Global MatLab-fit parameters according to equation (1) for ksro=4.0 x 10" s and parameters for
the double Lorentzian fit according to equation (2) with ki = 4.0 x 10" s™ for DPtA in THF and pTHF.

MatLab-fit Double Lorentzian fit
DPtA in

Ps ks / st Bi/mT ko / s? B,/ mT ko / s*
THF 0.07 1.05 E7 0.93 1.4 E6 28.7 4.3 E4
pTHFa’b 0.07 0.66 E7 0.96 6.7 E6 0.85 2.45 E4
pTHF** 0.07 0.66 E7 0.95 6.5 E6 0.95 2.45 E4
pTHFZ“’d 0.07 0.66 E7 0.93 0 - 2.3E4

? No unique fit of the double Lorentzian parameters possible. PFit parameters giving the largest contribution of
the second term in equation (1).°Fit parameters with equal values of B; and B, 9Fit parameters with zero
contribution of the second term in equation (1). The parameter sets b and c yield exactly the same fit curve,
which was used to simulate the kinetics in Figure 4 e and f. The fit obtained with the parameter set d is a little
bit worse. For more details cf. SI.
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kinetics can be very well reproduced (cf. Figure 4 e, f, and Figure S7 and S8). The magnetic field
dependence of k. is shown in Figure 5. For THF, it exhibits the characteristic two step behavior but
for pTHF it is rather a one-step behavior, featuring its final drop to the limiting high-field value at

about 5 times lower fields than for THF.
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Figure 5 Magnetic field dependence of rate constants k. in THF (black) and pTHF (blue). The solid lines

represent the double Lorentzian functions using the parameters in Table 1.
Discussion

At the outset of this discussion it may be appropriate to make a few general remarks regarding the
heuristic value and physical significance of the classical kinetic model, using one and the same single
rate constant k. to characterize all conversion processes between spin levels of different electronic
Zeeman energy.[13] (i) Phenomenologically, the model works suprisingly well as a scheme to
simulate the full magnetic field dependence of the recombination kinetics by just one field
dependent parameter k.. (ii) In certain cases, the field-dependence of this parameter displays a two-
step behavior in a fashion just to be expected for the mechanisms of coherent spin transitions by
isotropic hyperfine coupling and incoherent spin transitions (relaxation) by stochastically modulated
anisotropic couplings. Given this heuristic value of the model, it must be emphasized, though, that a

theoretical difficulty arises from the fact that this model is basically incommensurable with a detailed
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guantum dynamical picture of the combined action of coherent and incoherent contributions to spin
mixing (cf. ref. [26] and quantum dynamical section below). Therefore it should not be overstrained
by too detailed attempts in mapping it to the quantum dynamical picture. In the present work we

want to demonstrate, how far a useful application of the classical model is feasible.

As has been shown in our previous work for the analogous iridium triad DIrA in MeCN,[14] the two
steps in the magnetic field dependence of the effective relaxation rate constant k. as given by
equation (2) and displayed in Figure 5, can in fact be interpreted as being eenstituted- related efto
the coherent contribution of isotropic hfc (ihfc) and efto the incoherent contribution of anisotropic
hfc (ahfc). The parameter values determined for DPtA in THF are also consistent with such an
interpretation. In correction to our previous interpretation, we note, however, that the value of B,

does not directly give the By, value in its usual meaning expressed as

B, = }3Z<'f|i(|i +1) (3)

which represents a simplified version of more complex expressions[27,28] for the half-field value of
magnetic field effects. Substituting the hfc parameters a; and nuclear angular moments |; the
resulting By, value is 2.5 mT, which is considerably larger than the value of B; =0.93 mT. To
understand this discrepancy, we have to keep in mind that B, refers to a relaxation rate constant,
appearing only indirectly in the kinetics, whereas By, according to equation (3) is referring to the
phenomenology of directly observable yields or recombination rates. In Figure S5, the effective
recombination rate constant k. is shown as a function of the magnetic field. In that diagram the half
field value of the first step ranges around 3.5 mT which is much closer to the value following from

equation (3) than the B, value referring to equation (2).

With regard to the second step in the magnetic field dependence, we can directly relate the

parameters of the second Lorentzian in equation (2) to the theoretical relaxation rate constant[14]

12
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(4)

following from Redfield theory, with AA being the hyperfine anisotropy of the dominant nucleus and
7. the rotational correlation time. Comparing equation (4) with the second term in equation (2) we
evaluate AA=1.76 mT and 7. = 0.198 ns from the values of B, and k; in Table 1. The AA value is in
very good agreement with the value determined for triad DIrA.[14] The value of . is of similar order

of magnitude as the value determined for DIrA (0.23 ns) in Ref.[14] .

The role of electron spin dipolar interaction has been emphasized as a significant mechanism of
electron spin relaxation in radical pairs in micellar cages [15,29] and in radical pairs with flexible
linkers [30,31]. In those cases the interradical motional dynamics often produces close contacts with
correspondingly high values of the electron spin dipolar interaction due to the R® dependence of the
squared matrix element. In the present case of a rigidly linked radical pair, fluctuations of the size of
the dipolar interaction are exclusively due to angular variations which are not comparably large to
the effects of distance variation. For a spin-spin distance of about 20 A as applying to our system, the
zero-field splitting of the radical pair triplet levels adopts a value of 0.23 mT, i.e. an order of
magnitude smaller than the effective hyperfine coupling of about 2.5 mT. The rate constant of
relaxation due to dipolar electronic spin-spin interaction can be calculated by the following equation
[15]:

., _130°m 1, (1)
The corresponding function, plotted in Figure 6 is obviously of minor significance in comparison to

the contribution of anisotropic hyperfine coupling.

According to Miura and Murai [26] triplet-triplet dephasing is another mechanism of possible
significance in radical pairs. Since in our case the dipolar coupling is small and pulses of large D-values

caused by radical collisions cannot occur, we do not consider that mechanism of relevance in our

13



case. (For more specific information about the magnitude of triplet-triplet dephasing rates by dipolar

interaction cf. SI).

Interpreting the k.(B) function in case of pTHF appears to be more problematic. The pertinent curve
in the log log diagram only shows a single step which can be fitted by a continuous set of parameters
(cf. Table 1 and SI). These examples show, that whatever the value of the parameter k, may be, the

value of B, gets close to B;, which means that coherent and incoherent spin transitions contribute
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Figure 6 Magnetic field dependence of relaxation rate constants. Red lines refer to THF. : k. fitted to the
experimental results in THF (red solid line), contribution of relaxation term plus constant term kg in equation (2)
for THF (red dashed line), theoretical value of kq, in THF assuming a rotational correlation time of 0.2 ns (gray
dotted line on red background). Blue lines refer to p-THF: k. fitted to the experimental results in p-THF (blue
solid line)relaxational contribution according to equation (5) shifted by a factor of x = 23 relative to THF (blue
dotted line), theoretical value of kyq in p-THF assuming a rotational correlation time of x times 0.2 ns = 4.6 ns

(gray dotted on blue background).

about equally in pTHF. The kinetic change caused by the highly viscous solvent should essentially be
due to an increase of the rotational correlation time of the donor/acceptor system. If we assume the
elongation of 7, to be described by a factor of x, the analogy of the structure of the second term in
equation (2) to equation (4) leads us to expect the following modification of the relaxation term in

equation (2):

) u . S (s}

k(B X)-= |
* 1+(B,/B)* 1+ (xB,/B,Y
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relaxation-time-using-therelations: Picking x = 23 would bring the slope of the relaxation partto a

good overlap with the full field dependence of k. observed in p-THF (cf. Figure 6). Only a small
difference in the plateau at low fields would be left for the effect of the coherent spin mixing in that
case. Two questions must be asked at this point: (i) down to which field would the Redfield condition,
underlying expressions of the type of equations (4) and (5), be valid? (ii) how can we understand the
interplay of coherent and incoerent spin mixing in the same field region?

(i) In a weak form, the Redfield condition requires that the relaxation time resulting from the
perturbation treatment is much longer than the correlation time of the perturbation causing it. This
corresponds to the so-called fast motional limit. For a factor of x = 23, the rotational correlation time
7. should adopt a value of about 4.6 ns. Applying equation (4) to calculate the transition rate
between two triplet levels and taking the inverse as the time constant T; of the transition at zero
field, we obtain T+ = 30.9 ns which is clearly larger than 1. As the field increases, Tyt increases
rapidly, and the validity of the fast motional limit is more solidified [32]. At 2.5 mT, the characteristic
hyperfine field strength, T has already a value of 157 ns which is certainly on the safe side of the
Redfield condition. The extreme to the fast motional limit would be a the situation of a rigid system.

For a demonstration, how far our results are from that limit cf. Supporting Information.
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(ii) Providing a concrete picture of the interplay or superposition of coherent and incoherent
transitions is beyond the classical kinetic model and we have to resort to a rigorous quantum

dynamical simulation.

Quantum dynamical simulation

A quantum dynamical treatment of the spin-dependent kinetics was based on the following

Stochastic Liouville Equation (SLE) for the spin density matrix 0

p) =-i[H, pl +Kp+ Rp (8)
comprising the commutator term —i[H, 0] for the coherent spin motion, a reaction term K p and

a relaxation term Iip . A simililar equation has been employed by Okazaki et al. to unravel the

17



conditions for coherent and incoherent spin transitions for radiolytically generated radical pairs
undergoing recombination fluorescence [33]. In the present work, the Fhe-various terms were
treated in the most rigorous way possible (for details cf. Ref. [34]). The Hamiltonian H comprises the
Zeeman interaction of the electron spins, the isotropic hyperfince interaction and, for the treatment
in a rigid medium, the anisotropic hyperfine coupling of the nitrogen atom in the donor. For isotropic
hyperfine coupling, only the five strongest couplings were taken into account: ay = 0.926 mT[35] for
the nitrogen at the donor and 4xay = 0.196 mT [36] for the four equivalent hydrogen atoms at the
naphthalene moiety in the acceptor. Altogether these hyperfine couplings make up for 93% of the
overall hyperfine coupling. Exchange splitting (2J) was neglected, although a 2J value on the order of
about 1 mT cannot be excluded. The reaction super operator K describes the spin-selective reaction
rates from the singlet pair state. The values of the respective rate constants were adopted from the
classical model (ks = 1.05x10” s, k;=0s", ps=0.07). The relaxation super operator R is made up of
fwe- three contributions (for details regarding (i) and (iii) cf. Ref.[34]): (i) rotational modulation of
anisetropic-hyperfine-coupling ahfc, parametrized by the hyperfine coupling anisotropy A4y =1.75
mT of the nitrogen nucleus at the donor and a variable rotational correlation time ., treated as a
fitting parameter for each of the two solvents, (ii) rotational modulation of the electron spin-spin
dipolar coupling (cf. Sl for details of implementation), -4} (iii) a magnetic-field- and hyperfine-state -
independent contribution, parametrized by the relaxation time of the TAA" radical ion T, =T, =
1/(4k,) (cf. Ref.[34]). Relaxation according to the mechanism involving rotational modulation of
anisotropic hyperfine interaction (ahfi) is treated by taking into account the specific level splitting

pattern corresponding to the eigen values of the radical pair spin Hamiltonian at any field.

To simulate the situation in a rigid solution, the anisotropic part of the donor N-atom hyperfine
coupling was included into the Hamiltonian using the values A= Ay, =-0.58 mT and A,, = 1.17 mT
reflecting the anisotropy AA = 1.75 mT following from Ref.[14] and assuming axial symmetry. The

results were obtained as a spherical average over 10 orientations.
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The effect of a viscosity variation was simulated by a variation of 7.. In the SI, a number of cases of
sets of decay curves at 7 different fields are shown for various values of 7, in Figures S8 and S9. The
best coincidence between theoretical and experimental decay curves occurs at somewhat different
values of 7, at low and high fields. For THF, the spread of the 7 fields has the best overall coincidence
with the case 7. = 0.2 ns (cf. Figure 4g), which is in fact close to the value obtained from the classical
kinetics evaluation. For pTHF, the best choice is around 7. = 4 ns which is in good accord with the
factor x = 23 determined phenomenogically by a shift of the relaxation contribution to k., (cf. Figure
6) - Fhezerofield S/Trelaxationtime inthiscase amountsto17.9 ns{cf Sl Section 9)-Thus,atall
fieldsthe Redfield-condition-is-ebeyed-As shown in the S, the observed magnetic field dependence

of charge recombination in p-THF does not approach the limit of a rigid solution, which should be

expected if the rotational correlation time would follow the increase of the macroscopic viscosity.
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Figure 7 Green and red curves: coherent and incoherent evolution of T. under the simultaneous effect of
isotropic and anisotropic hyperfine coupling. Green: population of T, and T. (always identical), Red: populations
of Sand T, (always identical). Dashed black curves: time evolution of Ty and S if only relaxation by anisotropic
hyperfine coupling is taken into account. The values of T, given in each diagram represent the time constants
of relaxation, determined by a monoexponential fit, representing a very good approximation. For a more

complete series of diagrams between 0 and 100 mT cf. Figure SIXX.
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Beyond the possibility of modelling the overall kinetics of the recombination, it is a great advantage
of the quantum treatment that it allows for a detailed inspection of all dynamic processes involved in
the spin-dependent radical pair recombination. Thus we will use it here to look closer into the
dynamics of the coherent and incoherent spin conversion processes and their mutual relation. These
features are borne out most clearly if we just look at the evolution of spin state populations under
isotropic (ihfc) and anisotropic (ahfc) hyperfine coupling starting from an initial population of T, and
T. only. The results of pertinent calculations for THF (represented by a rotational correlation time of
0.2 ns) and p-THF (for which a value of 4 ns is used) are shown in Figure 7 for a number of fields. (for

a more extensive presentation encompassing fields up to 100 mT cf. Sl).

Let us first consider the situation in THF (Tc = 0.2 ns). At zero field, ihfc induces fast oscillations with a
typical period of about 20 ns around the equilibrium value of 0.25 for each of the substates. This
oscillation is damped with a time constant of 0.2 us, corresponding to the pure incoherent action of
ahfc. At 1 mT, the initial ihfc induced oscillation, while keeping the same period, is reduced in
amplitude. In the following periods, the oscillations are damped but the center of the oscillations
moves towards the equilibrium level of 0.25 with a time constant of 0.2 us, which is the same as for
the damping. As the field increases, the initial amplitude of the ihfc induced oscillation still decreases
further until it has finally disappeared between 5 and 10 mT, i.e. of 2-4 times the value of the
characteristic hyperfine field of 2.5 mT. The incoherent part of the spin evolution, leading to
populations of 0.25, remains unaffected until about 10 mT when it starts to become slower. From the
relaxation times T, quoted in the individual diagrams, the transition rate constants k. between

individual spin levels are obtained by the relation

k,=—— 9)

The obtained values are in good agreement with the relaxation line for THF in Figure 6, which

predicts a low field plateau at 1.4x10° s™ and a beginning decrease with the field at about 10 mT.
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For p-THF (7. = 4 ns) the ihfc induced behaviour is the same as in THF, but from B = 0 the damping
and the approach to spin equilibrium is much faster, starting with a value of T,¢; = 0.010 ps (k. = 2.5
x10” s) at zero field. Hence there are only 1-2 coherent oscillations visible. As in the THF case, the
initial first oscillation maximum due to the ihfc is reduced with increasing field and disappears around
5 mT. However, different from the THF case, the relaxation time of the ahfc induced process
decreases and continues to decrease already at 1 mT. Again, these observations regarding the
incoherent, i.e. relaxational part are fully in line with the corresponding k. function shown in Figure

6.

In summary the essential facts about the combination of coherent and incoherent spin mixing and
their magnetic field dependence are as follows. Coherent spin mixing by the ihfc quickly jumps to its
maximum and quasi stationary level in about 10 ns. Its magnetic field dependence does not consist in
a slowing down of this process, but just in a reduction of the stationary level. Incoherent spin mixing
by ahfc leads to an exponential approach to the statistical equilibrium value. It interfers with the
coherent oscillations of ihfc by damping them at the same rate as the statistical equilibrium is
approached. In the classical model both, amplitude effect on ihfc induced oscillations and rate effect
on ahfc induced relaxation, are projected into the value of k. by their combined effect on the
observed rate of recombination. Their contributions to k. depend on the value of the recombination
rate constant ks, which makes the classical model and the realistic quantum model imcommen-

surable in the last consequence.

Macroviscosity and nanoviscosity in the polmyer

By its viscosity of 443 mPa s (cf. Table S1) pTHF is by almost three orders of magnitude more viscous
than THF (0.518 mPa s). Compared to this increase in macroviscosity, the increase of the rotational

correlation time by only a factor of about 20 is rather moderate, indicating that in polymers, the
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effective nanoviscosity does not scale linearly with the macroviscosity that applies to conditions
where the spatial scale of the flow velocity gradient is large compared to the size of the polymer
coils.[37,38] A difference in the behaviour of translational and rotational diffusion was also noted by
Dorfschmid et al.[39] In single molecule experiments using full correlation fluorescence correlation
spectroscopy in a growing polymer they found that during the polymerization process the rotation of
the probe is much less hindered than the translational diffusion coefficient. The same observation

was made when the polymer was permanently cross-linked.

To describe the (macro)viscosity dependence of the rotational correlation time a modified version of

the Einstein-Stokes-Debye (ESD) equation has been inroduced[40]
_A h
I,=—2n+1, (9)

with V;, the hydrodynamic radius of the probe molecule, 77 the macroviscosity of the solvent and kT
with its usual meaning. The additional term 71, represents the rotational correlation time of
unhindered rotation. It is on the order of a few ps and does not contribute significantly under the
conditions considered here. The factor A represents a friction parameter, depending on the shape of
the rotating particle and on the conditions of its surface interaction with the surrounding medium,
which could vary between the extremes of “stick” and “slip”. For a sphere under perfect stick

conditions the value of A is 6, leading to the classical ESD relation.

The molecular volume V,, of DPtA can be estimated by the Connolly solvent excluded volume,[41]
which results in a value of 993 A%. Adopting the 7. values of 0.2 ns and 4 ns for DPtA in THF and pTHF,
respectively, and applying equation (9) yields the A-values of 9.6 and 0.22, respectively. The value of
9.6 in THF indicates close to stick conditions and deviates from 6 because of the non-spherical shape
of the molecule. In pTHF, however, the situation is close to slip conditions, which means that the
adjacent solvent molecules do not follow the surface motion of the rotating probe particle with their
full length. The average molecular weight of 650 g mol™ for pTHF (H[OC,Hs],OH) corresponds to a
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degree of polymerization of n =9, representing a chain of 38 bonds. Such a chain allows for many
torsional conformations that can accommodate the rotation of the probe molecule without a motion
of the center of gravity of the polymer molecule.[40]

Finally we mention that, complementing our work, some studies with epr spin-probes comparable in
size to the DPtA molecule have been carried out in THF and pTHF by the group of M. Drescher at the
University of Konstanz (cf. short report in the SI, Section 11). In these studies, rotational correlation
times have been found leading to comparable values of the friction parameter A and its change from
THF to pTHF as in our spin chemical experiments with DPtA, thus supporting the rotational
correlation times estimated by the quantum dynamical simulation of the magnetic field dependent

charge recombination kinetics.

Conclusion

In this work, the spin- and magnetic-field dependent charge recombination kinetics in a rigidly linked
donor/acceptor system with small or negligible exchange interaction has been compared between a
low viscous, low molecular cyclic ether and an almost three orders of magnitude more viscous linear
chain oligomer (n = 9) of the ring-opened monomer. It has been shown that the classical kinetic
model, using a single magnetic-field dependent rate constant (k.) for all spin processes mixing spin
sub-states of different Zeeman energy, works well in the low viscous solvent, and accounts
guantitatively for the magnetic field dependence of the kinetics. It leads to the previously discovered
two-step (double Lorentzian) curve for k. in a feg- double log representation with a clear separation
and assignment of the two steps to field effects on coherent and incoherent spin mixing mechanism,
respectively. In the highly viscous polymer, the two Lorentzian steps found for the low viscous
solvent, merge into one single step, because of the strong increase of the rate of relaxation by a
slowing down of molecular rotation. Formally, the classical kinetic model is still applicable for a
phenomenological parametrization and quantitative simulation of the magnetic-field dependent
kinetics, however it falls short in a clear assignment of the contributions of coherent and incoherent

spin motion. This problem could be overcome by a full quantum dynamical treatment, by which the
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rotational correlation times in both solvents could be assessed and the validity of the Redfield
approximation even in the highly viscous solvent could be confirmed. Beyond the classical model, the
guantum dynamical simulation yields detailed insight into the interference of coherent and
incoherent processes. H-isfeund-thatthe-The rotational correlation time, probing the nanoviscosities
of the molecular environments, is only by about a factor of 20 longer in the linear polymer than in
the cyclic monomer, in contrast to a factor of about 1000 of the macroviscosities. Such effects have
been observed before with other spectroscopic probes, but here, for the first time, by means of a
spin chemical system. The effect can be explained by the segmental flexibility of the polymer leading

in effect to slip-type rotational conditions for the probe molecule.

Associated Content

Supporting Information

Solvent-data and handling of pTHF, Synthesis, Analytical Methods, Complementary Results, Data
Analysis, Comparison of B; and By, », Fitting the magnetic field dependence of k, in pTHF,
Demonstration of fit quality, Determination of Redfield limit, Quantum dynamical simulations,

Report on Spin Probe Experiments in THF and pTHF, Friction coefficients, Matlab scripts.

Acknowledgement

This work was supported by the Deutsche Forschungsgemeinschaft within the Graduate Research
School GRK 2112 and the Bavarian Ministry of Education, Culture, Research, and the Fine Arts within
the Solar Technologies Go Hybrid Consortium. N. L. is grateful to the Russian Foundation for Basic
Reseach (grant No. "17-03-00656") and to the Federal Agency of Scientific Organizations of Russain

Federation (grant No. 0333-2017-0002) for the financial support.

Corresponding authors

*ulrich.steiner@uni-konstanz.de

*christoph.lambert@uni-wuerzburg.de

25



Competing Interest Statement

The authors declare no competing interest.

26



References

(1]
(2]
(3]

(4]
(5]

(6]
(7]
(8]
(9]
(10]

(11]

(12]
[13]

(14]
[15]
(16]
(17]
(18]
(19]
(20]
[21]
(22]
(23]

[24]

[25]

K. Schulten, H. Staerk, A. Weller, H. J. Werner, and B. Nickel, Z Phys Chem Neue Fol 101 (1-6),
371 (1976).

M. E. Michel-Beyerle, R. Haberkorn, W. Bube, E. Steffens, H. Schréder, H. J. Neusser, E. W.
Schlag, and H. Seidlitz, Chem. Phys. 17, 139 (1976).

U. E. Steiner and T. Ulrich, Chem. Rev. 89, 51 (1989).

A. Weller, H. Staerk, and R. Treichel, J.Chem.Soc.Far.Discuss. 78, 271 (1984).

H. Staerk, W. Kiihnle, R. Treichel, and A. Weller, Chem. Phys. Lett. 118 (1), 19 (1985).

H. Heitele, M. E. Michel-Beyerle, and Finckh. P., Chem. Phys. Lett. 134, 273 (1987).

H. Cao, K. Miyata, T. Tamura, Y. Fujiwara, A. Katsuki, Ch.-H. Tung, and Y. Tanimoto, J. Phys.
Chem. A 101, 407 (1997).

N. S. Hush, M. N. Paddon-Row, E. Cotsaris, H. Oevring, J. W. Verhoeven, and M. Heppener,
Chem. Phys. Lett. 117, 8 (1985).

M. R. Wasielewski, M. P. Niemczyk, D. G. Johnson, W. A. Svec, and D. W. Minsek, Tetrahedron
45, 4785 (1989).

D. Kuciauskas, P. A. Lidell, A. L. Moore, Th. A. Moore, and D. Gust, J. Am. Chem. Soc. 120,
10880 (1998).

K. Maeda, Henbest K. B., F. Cintolesi, I. Kuprov, C. T. Rodgers, P. A. Lidell, D. Gust, C. R.
Timmel, and P. J. Hore, Nature 453, 387 (2008).

C. Kaiser, A. Schmiedel, M. Holzapfel, and Ch. Lambert, J. Pys. Chem. C. 116, 15265 (2012).
For clarity we note that the following terms will be used synonymously in this paper: spin
state mixing — spin transitions. The latter will be preferred to stress the time dependent
aspect, the former to point out the resulting effect. Coherent processes are basically of
oscillating time-dependence, while incoherent processes show irreversible exponential time-
dependence.

J. H. Klein, D. Schmidt, U. E. Steiner, and Ch. Lambert, J. Am. Chem. Soc. 137, 11011 (2015).
H. Hayashi and S. Nagakura, Bull. Chem. Soc. Jap. 57 (2), 322 (1984).

J. H. Klein, T. L. Sunderland, Ch. Kaufmann, M. Holzapfel, A. Schmiedel, and Ch. Lambert,
Physical Chemistry Chemical Physics 15, 16024 (2013).

C. Bronner, S. A. Baudron, M. W. Hosseini, C. A. Strassert, A. Guenet, and L. De Cola, Dalton
Trans. 39 (1), 180 (2010).

K. Hanson, A. Tamayo, V. V. Diev, M. T. Whited, P. I. Djurovich, and M. E. Thompson, /norg.
Chem. 49 (13), 6077 (2010).

C. Bronner, M. Veiga, A. Guenet, L. De Cola, M. W. Hosseini, C. A. Strassert, and S. A.
Baudron, Chem.-Eur. J. 18 (13), 4041 (2012).

Sheshanath V. Bhosale, Chintan H. Jani, and Steven J. Langford, Chemical Society Reviews 37
(2), 331 (2008).

S. Amthor, B. Noller, and C. Lambert, Chemical Physics 316 (1-3), 141 (2005).

B. Geiss and C. Lambert, Chem. Commun. (13), 1670 (2009).

L. Flamigni, A. Barbieri, C. Sabatini, B. Ventura, and F. Barigelletti, in Photochemistry and
Photophysics of Coordination Compounds li, edited by V. Balzani and S. Campagna (Springer-
Verlag Berlin, Berlin, 2007), Vol. 281 pp. 143-203.

J. H. Klein, T. L. Sunderland, C. Kaufmann, M. Holzapfel, A. Schmiedel, and C. Lambert, Phys.
Chem. Chem. Phys. 15 (38), 16024 (2013).

K. Schulten and P. G. Wolynes, J. Chem. Phys. 68 (7), 3292 (1978).

27



(26]
(27]
(28]
[29]
(30]

(31]

(32]
(33]

(34]
(35]
(36]
(37]

(38]

(39]
[40]
[41]

T. Miura and H. Murai, J. Phys. Chem. A 112, 2526 (2008).

A. Weller, F. Nolting, and H. Staerk, Chem. Phys. Lett. 96 (1), 24 (1983).

K. Schulten, J. Chem. Phys. 82, 1312 (1985).

J. Q. Wu, D. Baumann, and U. E. Steiner, Mol. Phys. 84, 981 (1995).

T. Klumpp, M. Linsenmann, D. Biirner, E. B. Krissinel, S. L. Larson, C. M. Elliott, and U. E.
Steiner, J. Am. Chem. Soc. 121, 1076 (1999).

M. T. Rawls, G. Kollmannsberger, C. M. Elliott, and U.E. Steiner, J. Phys. Chem. A 111, 3485
(2007).

P. H. Fries and E. Belorizky, J. Chem. Phys. 126, 204503 (2007).

M. Okazaki, Y. Tai, K. Nunome, K. Toriyama, and S. Nagakura, Chem. Phys. 161, 177188
(1992).

N. N. Lukzen, J. H. Klein, Ch. Lambert, and U. E. Steiner, Z. Physik. Chem. N. F. 231 (2), 197
(2017).

D. R. Kattnig, B. Mladenova, G. Grampp, C. Kaiser, A. Heckmann, and Ch. Lambert, J. Chem.

Phys. C 113, 2983 (2009).

K. J. Reszka, M. Takayama, R. H. Sik, C. F. Chignell, and I. Saito, Photochemistry and
Photobiology 81 (3), 573 (2005).

F. B. Wyart and P. G. de Gennes, Eur. Phys. J. E 1,93 (2000).

R. Holyst, A. Bielejewska, J. Szymanski, A. Wilk, A. Patkowski, J. Gapinsky, A. Zywocinski, T.
Kalwarczyk, E. Kalwarczyk, M. Tabaka, N Zieacz, and S. A. Wieczorek, Phys. Chem. Chem.
Phys. 11, 9025 (2009).

M. Dorfschmid, K. Millen, A. Zumbusch, and D. Woll, Macromolecules 43, 6174 (2010).
M. M. Somoza, M. I. Sluch, and M. A. Berg, Macromolecules 36, 2721 (2003).

M. L. Connolly, J. Am. Chem. Soc. 107, 1118 (1985).

28



