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ABSTRACT: Controlling spin-spin interactions in multi-spin 

molecular assemblies is important for developing new approaches 

to quantum information processing.  In this work, a covalent elec-

tron donor-acceptor-radical triad is used to probe spin-selective 

reduction of the stable radical to its diamagnetic anion. The mole-

cule consists of a perylene electron donor chromophore (D) bound 

to a pyromellitimide acceptor (A), which is, in turn, linked to a 

stable α,γ-bisdiphenylene-β-phenylallyl radical (R•) to produce D-

A-R•. Selective photoexcitation of D within D-A-R• results in 

ultrafast electron transfer to form the D+•-A-•-R• triradical, where 

D+•-A-• is a singlet spin-correlated radical pair (SCRP), in which 

both SCRP spins are uncorrelated relative to the R• spin. Subse-

quent ultrafast electron transfer within the triradical forms D+•-A-

R-, but its yield is controlled by spin statistics of the uncorrelated 

A-•-R• radical pair, where the initial charge separation yields a 3:1 

statistical mixture of D+•-3(A-•-R•) and D+•-1(A-•-R•), and subse-

quent reduction of R• only occurs in D+•-1(A-•-R•). These findings 

inform the design of multi-spin systems to transfer spin coherence 

between molecules targeting quantum information processing 

using the agency of SCRPs. 

Multi-spin organic molecules and materials provide new ways 

to prepare architectures useful for quantum information pro-

cessing (QIP) and spintronics.1 An important requirement for such 

systems is the ability to generate well-defined spin states involv-

ing multiple electron spins. Fast photo-initiated electron transfer 

within a covalently linked electron donor-acceptor (D-A) mole-

cule can result in the formation of a spin-correlated radical pair 

(SCRP) with a well-defined initial singlet spin configuration.2 

SCRPs in D-A systems display coherent spin motion for as long 

as ~100 ns,3 which can provide the basis for the development of 

new QIP strategies.4 Another important requirement for utilizing 

SCRPs in QIP applications is developing an understanding of 

their interactions with a third electron spin. For example, Salikhov 

et al.5 have proposed using a radical ion that is part of a photo-

generated SCRP to oxidize or reduce a third stable radical (R•), 

which is first prepared in a coherent spin state using a selective 

π/2 microwave pulse, e.g. D+•-A-•-R• → D+•-A-R-, to move or 

“teleport” the prepared R• spin state to D+•. Designing molecules 

that have both the electronic and magnetic properties necessary to 

carry out this process is challenging. 

The initially formed singlet SCRP, 1(D+•-A-•), generally under-

goes hyperfine coupling-induced intersystem crossing in a few 

nanoseconds to produce the triplet SCRP, 3(D+•-A-•), provided that 

the electron spin-spin exchange (J) and dipolar interactions (D) 

between the two radicals are comparable to, or smaller than, the 

electron-nuclear hyperfine interactions in the radicals. Application 

of a magnetic field, B0, results in Zeeman splitting of the SCRP 

triplet sublevels, which at the high fields typical of EPR spectros-

copy are the	|���〉,	|��〉, and	|���〉 eigenstates that are quantized 

along B0, while the |	
 state energy remains field invariant (Figure 

S3).6  The magnitude of J decreases exponentially with SCRP 

distance r, while that of D diminishes by 1/r3.  Thus, if the D+•-A-• 

distance is short, J and/or D are large, so that the SCRP remains 

spin-locked in its initial singlet state. 
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Immediately upon formation of D+•-A-•-R•, through-bond spin-

spin exchange interactions are also established between D+• and 

R• (JDR) as well as between A-• and R• (JAR). Since the D+•-A-• and 

A-•-R• distances are relatively short, we assume that both JDA and 

JAR are large. Moreover, since the D+•-R• distance is much longer 

than that of A-•-R•, JAR >> JDR, so that JDR can be neglected.  The 

sign of JAR determines whether 1(A-•-R•) or 3(A-•-R•) is the lowest 

energy spin configuration of A-• and R•. Also, it is well known 

that spin-orbit-induced intersystem crossing (SO-ISC) in organic 

diradicals takes place on a relatively slow time scale, typically 

~106-107 s-1,7 thus if D+•-A-•-R• is formed much faster, the initial 

spin relationship between A-• and R• should be purely statistical, 

i.e. 25% 1(A-•-R•) and 75% 3(A-•-R•).8 Assuming that the charge 

recombination reaction: D+•-A-•-R• 
→ D-A-R• is slower than the 

subsequent radical reduction reaction: D+•-A-•-R• 
→ D+•-A-R-, and 

thus not competitive, the latter reaction requires 1(A-•-R•), so that 

only a 25% yield of D+•-A-R- is expected.  On the other hand, if 
1,3(A-•-R•) SO-ISC is faster than the rate of radical reduction, 

when JAR < 0, SO-ISC of the initial 3(A-•-R•) population could 

produce 1(A-•-R•) resulting in a D+•-A-R- yield > 25%, while if JAR 

> 0, SO-ISC of the initial 1(A-•-R•) population to 3(A-•-R•) could 

result in a D+•-A-R- yield <  25%. 

Research on how RPs formed by statistical encounters are af-

fected by magnetic fields, microwaves, or substrate properties has 

thus far been limited to experiments involving intermolecular 

radical-radical collisions in viscous solvents, micelles and solids 

(including devices).9  Here we describe a covalent D-A-R• system 

consisting of a perylene (D) electron donor chromophore bound to 

a pyromellitimide (A) acceptor, which is, in turn, linked to a sta-

ble α,γ-bisdiphenylene-β-phenylallyl (R•) radical to produce D-A-

R•. Although similar designs have been used to probe the impact 

of a third spin on the spin dynamics of SCRPs,10 to our 

knowledge, this is the first study that focuses on a redox reaction 

of the SCRP with a covalently bound third radical and probes the 

influence of spin statistics on this process. We find that the R• 

reduction yield is in fact limited by spin statistics (Φ = 0.23 ± 

0.02), despite the fact that the rate constant for this reduction is 

very fast, >1011 s-1. These results establish design principles for 

D-A-R• molecules that can be used to exploit spin dynamics in 

organic electronics,9a,b,11 spintronics,12 and photocatalysis.13 

The synthesis and characterization of 1, 1H, and 2 are de-

scribed in the Supporting Information (SI), while their UV-vis 

absorption spectra in CH2Cl2 are shown in Figure 1. The spectrum 

of 1 is composed of absorption from both D (λmax = 446 nm) and 

R• (λmax = 494 nm). Also included are the spectra of D+• in 1H 

prepared by chemical oxidation with tris(4-bromophenyl)aminium 

hexachloroantimonate as well as A-• in 2H and R- in 3 prepared by 

chemical reduction with CoCp*
2 and CoCp2, respectively. The 

methods used to determine ε for these species are described in the  

SI. The energy of 1*D is 2.76 eV,14 and the free energies of the 

various charge-separated states relative to the ground state of 1  

were estimated using the intermolecular donor-acceptor distance 

(rDA), the redox potentials EOX for the donor and ERED for the 

Figure 1. UV-Vis spectra of the indicated species in CH2Cl2. 

Figure 2. Energies of states involved in ET processes of 1. 
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Figure 3. fsTA data (λex = 414 nm) of (a) 1H in CH2Cl2 with its 

corresponding decay-associated spectra (b) obtained from glob-

al fitting to a sum of exponential decays (see SI). Values and 

uncertainties are reported as the average and standard deviation, 

respectively, from three independent experiments. 

450 500 550 600 650 700 750

-60

-30

0

30

60

∆
A
 ×
 1
0
3

Wavelength (nm)

 τ
1
 = 9.7 ± 0.1 ps

 τ
2
 = 105.5 ± 0.4 ps

Page 2 of 5

ACS Paragon Plus Environment

Journal of the American Chemical Society

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
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



 

 

acceptor, and the energy of 1*D (ES), where ∆GDA = EOX - ERED - 

e2/rDA (Figures 2 and S2).15 

   The photo-initiated electron transfer processes of 1H and 1 in 

CH2Cl2 were observed using femtosecond and nanosecond transi-

ent absorption spectroscopy (fsTA and nsTA, see SI for details). 

Dyad 1H contains the diamagnetic precursor to R• (RH), thus 

serving as a donor-acceptor reference molecule for 1. Photoexcita-

tion of 1H (λex = 414 nm) immediately forms 1*D-A-RH as indi-

cated by the appearance of the intense 1*D absorption at 715 nm, 

stimulated emission (SE) at 450-550 nm, and the ground state 

bleach (GSB) of D at 400-450 nm (Figure 3a).14 Decay-associated 

spectral fitting shows that this is followed by fast formation of 

D+•-A-•-RH in τCS1 = 9.7 ± 0.1 ps and subsequent charge recombi-

nation to ground state (CR1) in τCR1 = 105.5 ± 0.4 ps (Figure 3b). 

   Similar behavior is observed in 1 (Figure 4a) where 1*D-A-R• 

deactivates in τD = 8.6  ± 0.3 ps to form D+•-A-•-R• along with 

further charge separation to form D+•-A-R- as seen by the persis-

tence of the D+• absorption at 550 nm, increased absorption at 610 

nm resulting from R-, and the GSB of R• at 490 nm. Charge re-

combination of D+•- A-•-R• occurs in τCR1 = 95.1 ± 0.3 ps (Figure 

4b), while D+•-A-R- decays in τCR2 = 85.7 ± 0.7 ns (Figure S9). A 

10% yield of 3*D is observed after recombination of D+•-A-R-, 

which most likely forms from charge recombination of D+•-A-•-R• 

(∆G = -0.18 eV), as 3*D formation is energetically unfavorable 

from D+•-A-R- (∆G = 0.15 eV). As no 3*D is observed from 

charge recombination of the corresponding state (D+•-A-•-RH) in 

1H, its formation is likely driven by enhanced intersystem cross-

ing (EISC) due to proximity of D+•-A-• to R• (Figure S9).16 A 

complete description of the global fitting procedures is given in 

the SI. 

   Although the initial photo-generated RP is spin-correlated, 

the initial interaction between the A-• and R• spins is purely statis-

tical. Thus, there should be two spectrally indistinguishable popu-

lations of the initial photo-generated SCRP: D+•-3(A-•-R•) and D+•-
1(A-•-R•) in a 3:1 ratio, where only the population in which A-• and 

R• are in a singlet spin configuration can result in spin-allowed 

reduction of R• to R-. To test whether spin statistics control the 

final observed yield of D•+-A-R-, the fsTA data set was deconvo-

luted using basis spectra representative of 1*D, D+•-A-•-R•, and 

D+•-A-R- scaled to the measured extinction coefficients of the 

component species (Figure 5a) making no assumptions about the 

fraction of the D+•-A-•-R• population that would react further to 

produce D+•-A-R-. The populations of 1*D-A-R•, D+•-A-•-R• and 

D+•-A-R- that result from this analysis, normalized to unity at t0, 

are shown in Figure 5b. It is immediately clear that kCS2 >> kCR1 

for 1; indeed, at t = 30 ps, the apparent population of D+•-A-R- has 

plateaued, while there is still more than twice that amount of D+•-

A-•-R• remaining.  In addition, since kCS2 > kCS1, i.e. the charge 

(a) 

(b) 

Figure 4. fsTA data (λex = 414 nm) of (a) 1 in CH2Cl2 with its 

corresponding decay-associated spectra (b) obtained from global 

fitting to a sum of exponential decays (see SI). Values and uncer-

tainties are reported as the average and standard deviation, re-

spectively, from three independent experiments. 

(a) 

(b) 

Figure 5. (a) Basis spectra of the indicated species used to 

obtain (b) the population dynamics after photoexcitation of 1 

in CH
2
Cl

2
 (hollow circles) overlaid with the populations fit to 

the spin-selective model (solid lines, same color code). 
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separation kinetics of the second step are inverted relative to those 

of the first step, the population of D+•-1(A-•-R•) present at any 

given time is very small, so that the fsTA spectrum showing the 

initial charge-separated state is completely dominated by the pop-

ulation of D+•-3(A-•-R•).  The population data were fit to a kinetic 

model in which the separate populations of D+•-3(A-•-R•) and D+•-
1(A-•-R•) were allowed to vary (see SI). The solid lines in Figure 

5b are the results of this fit and show that the D+•-A-R- yield is 

0.23 ± 0.02, in close agreement with the 0.25 yield predicted from 

the spin statistics of two uncorrelated spins.  

In summary, the reversible reduction of a stable radical R• by a 

covalently attached singlet SCRP was observed. The yield of R• 

reduction is limited by the statistical population of 1,3(A-•-R•), 

consistent with the reactions D+•-A-•-R• → D-A-R• and D+•-A-•-R• 

→ D+•-A-R- being much faster than 1,3(A-•-R•) SO-ISC. In addi-

tion, no evidence is found for spin state mixing, most likely be-

cause JDA and JAR are sufficiently large to preclude spin dynamics 

occurring on the ultrafast time scale of the electron transfer reac-

tions observed in this system. The ability to carry out spin-

selective redox reactions between a SCRP and a stable third radi-

cal makes it possible to explore spin coherence phenomena in 

systems having long-lived D+•-A-R- states as well as perform 

novel QIP experiments using pulse-EPR spectroscopy. 
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