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Two-Photon Chemistry of Tetrahydrofuran in 

Clathrate Hydrates 

Michael A. Michon,*a Pawel Chmielniak,a Peter M. Weber*abd and Christoph Rose-Petruck*acd 

High-lying electronic states hold the potential for new and unusual photochemical reactions. However, for conventional 

single-photon excitation in the condensed phase, reaching these states is often not possible because the vacuum-

ultraviolet (VUV) light required is competitively absorbed by the surrounding matrix rather than the molecule of interest. 

Here, this hurdle is overcome by leveraging nonresonant two-photon absorption (2PA) at 265 nm to achieve preferential 

photolysis of tetrahydrofuran (THF) trapped within a clathrate hydrate network at 77 K. Electron spin resonance (ESR) 

spectroscopy enables direct observation and identification of otherwise short-lived organic radicals stabilized by the 

clathrate cages, providing clues into the rapid dynamics that immediately follow photoexcitation. 2PA induces extensive 

fragmentation of enclathrated THF yielding 1-alkyl, acyl, allyl and methyl radicals—a stark departure from the reactive 

motifs commonly reported in γ-irradiated hydrates. We speculate on the undetected transient dynamics and explore the 

potential role of trapped electrons generated from water and THF. This demonstration of nonresonant two-photon 

chemistry presents an alternative approach to targeted condensed phase photochemistry in the VUV energy range.

1 Introduction 

The vast majority of photochemical reactions studied are 

induced by the absorption of a single photon. Since most 

materials absorb light in the far-UV and VUV range of the 

spectrum, conventional photochemistry in condensed phase 

systems is restricted to reactions induced by excitation of 

molecules to their lowest excited electronic states. Even water, 

which is exceptionally transparent in the UV, absorbs strongly 

at wavelengths below 175 nm (Fig. 1a). Consequently, for most 

applications outside of the gas phase, one cannot selectively 

prepare a molecule of interest in one of its many higher 

excited states. This hinders the study of a large number of 

electronic states that, because of their high energy and the 

nature of the potential energy surfaces, might be involved in 

unique and useful photochemical reactions in systems where 

outcomes are strongly influenced by rapid vibrational energy 

redistribution to the surroundings. While this limitation can 

sometimes be side-stepped by employing sequential resonant 

excitations at longer wavelengths, this approach necessitates 

the existence of a short-lived, lower-lying intermediate state to 

“piggyback” off.1,2 However, inefficient excited state 

absorption from this intermediate state could result in a sub-

population of molecules undergoing spurious dynamics that 

complicate the analysis and obfuscate the chemistry under 

Figure 1: One- (a) and two-photon (b) absorption spectra of water in its liquid29,30 

(blue) and solid31 (black) phases, solid curves, from the literature. The dashed black 

line illustrates a hypothetical 2PA spectrum of water ice which has yet to be reported. 

The absorption spectrum of water making up a clathrate hydrate is expected to 

correspond roughly to that of ice Ih due to the strong structural similarities between 

these two phases. The energies, relative oscillator strengths, and 2PA cross-sections 

(×40 GM) calculated for the lowest lying electronic states in liquid water32 are 

indicated by vertical blue bars. Note the parity-induced weakening of the HOMO-

LUMO transition 11B1 in the 2PA spectrum extending the transparency window. The 

vertical purple bar indicates the total energy of two 265 nm photons (9.36 eV) lies 

near the anticipated onset of 2PA of water in clathrate hydrates. 
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study. Furthermore, the specific energies of these resonances 

will often restrict the experimenter to more elaborate 

nondegenerate (“two-color”) excitation schemes which 

require precise timing of multiple tunable ultrafast light 

sources.3–6 In contrast, nonresonant two-photon absorption 

(2PA) is a third-order non-linear optical process (χ(3)) involving 

the simultaneous absorption of a pair of photons by a material 

(one that is normally transparent at the chosen wavelength) 

mediated by a virtual state.7,8 This strategy not only preserves 

the dynamics resulting from direct excitation but also grants 

access to new electronic states that are forbidden by one-

photon selection rules while weakening others.9 In degenerate 

(“one-color”) 2PA, both photons are delivered by the same 

laser beam, greatly simplifying the experimental 

implementation for use in widely accessible ultrafast light 

sources.10,11 The distinct intensity dependence of 2PA has led 

to many applications, including but not limited to 3D 

lithography,12,13 microscopy,14,15 and therapeutics,16 using 

near-IR lasers. In the target system, we employ 2PA to achieve 

direct photolysis of organic molecule guests embedded in an 

aqueous host matrix while mitigating competitive absorption 

by water. The enhanced transparency of water (Fig. 1b) is 

granted by the distinct selection rules of 2PA. While this two-

photon chemistry (2PC) need not be strictly limited to aqueous 

matrices, the cavities of clathrate hydrates are highly effective 

at stabilizing the photochemically produced radicals nearly 

indefinitely17–39 making them amenable to observation by 

spectroscopic methods with inherently low time resolution 

such as electron spin resonance (ESR). 

Clathrate hydrates are host-guest inclusion compounds 

consisting of a fully saturated H-bonded network of water 

molecules with cavities that can accommodate a wide variety 

of small molecules.40 THF promotes the growth of structure-II 

(sII) hydrates which have a cubic unit cell consisting of 136 H2O 

molecules occupying the vertices of 16 small and 8 large 

polyhedral cages with hydrogen bonds directed along the 

edges. THF exclusively occupies the large, hexadecahedral 

cages, consisting of 12 pentagonal faces and 4 hexagonal faces 

(51264) while the 8 small, dodecahedral cages (512) remain 

empty. Crystalline growth of stoichiometric THF hydrates§ can 

be nucleated from an aqueous solution at ~4.4 °C and ambient 

pressure.41–43 The stability of enclathrated radicals is attributed 

to the strong H-bonding of the host and their comparatively 

weak Van der Waals interactions with the guests.44 In this 

work, we extend the use of 2PA with UV pulses to condensed 

phase chemistry and explore the two-photon induced 

photolysis of an organic molecule, tetrahydrofuran (THF, 

C4H8O), encapsulated within the clathrate hydrate framework. 

2 Results and Discussion 

To estimate the relative contributions of water and THF to 

2PA in the binary system proper, the non-linear response of 

each neat liquid was measured at 265 nm. Next, stoichiometric 

THF hydrates§ grown from 5.88 mol% aqueous solutions were 

irradiated at 77 K to produce several different enclathrated 

organic radical species. The identities of these radicals, as 

revealed by steady-state ESR spectroscopy, point to a 

formation mechanism involving extensive fragmentation of the 

THF molecule45 and support the notion that this process is 

initiated by a direct electronic excitation of THF without any 

meaningful participation from water. Finally, we form a 

hypothesis, one consistent with our observations and 

literature precedent, regarding the nature of the fast dynamic 

not probed in the present study.  

2.1 Nonlinear Optical Responses 

Neither water nor THF exhibit linear absorption at 265 nm.46–48 
Therefore, any nonlinear optical response must be attributed, 
at least in part, to 2PA. To assess the transparency of water 
under high intensity radiation at 265 nm (3rd harmonic of the 
Ti:sapphire laser) and the photoselectivity towards THF in the 
clathrate hydrate, it is important to determine the intrinsic 
2PA cross-sections δ of both components at this wavelength. 
This in principle can be accomplished with several intensity 
dependent transmittance measurement schemes,49 however, 
there are practical challenges associated with growing an 
optically transparent clathrate hydrate single-crystal of 
uniform thickness and presenting it to the laser while 
maintaining thermodynamic stability. One would then need to 
disentangle the contribution of both components from the 
total transmittance. As a proxy, the transmittance of the 
focused pump light through 1 cm neat liquid samples of water 
and THF was measured at ambient temperature as a function 
of incident peak intensity (Fig. 2). Attenuation of the incident 
light due to absorption in the 1 mm quartz windows of the 
sample cuvette was corrected for using an analogous 
measurement on just one such window in isolation. 2PA 
coefficients β were obtained by fitting the transmittance 
measurements to a theoretical model of 2PA49 (Equations 1-4 
in Methods) and the best fit values are reported in Table 1. 
 The measured transmittance of liquid water (blue points) 
serve primarily as a benchmark for validating the experimental 
setup as βH2O is well-reported in the literature near 265 nm.50–

52 A fit to the 2PA model (blue line) gives βH2O = 5.6(±0.1)×10–12 
m/W, which is nearly within the uncertainty range of the value 
4.9(±0.5)×10–12 m/W reported by Dragonmir et al. at 264 nm.50 
Considering the high degree of variability found between such 
measurements throughout the literature, the level of 
quantitative agreement seen here for liquid water lends 
confidence to the experimental design. 
 The measured transmittance of liquid THF (red points) fits 
well to the theoretical model at peak intensities below 
~6 GW/cm2 but then is overestimated above this threshold. 
The deviations are likely due to the appearance of higher 
order, χ(>3) nonlinear optical effects such as three-photon 
absorption (3PA) and two-photon induced excited state 
absorption (ESA) at elevated intensities. The open points in 
this high-intensity regime were thus excluded from the fit in 
order to obtain an estimate of βTHF = 16.8(±2.0)×10–12 m/W. 
From these measurements, we conclude that δTHF exceeds δH2O 
by a factor of 14 ± 2 at 265 nm. This is consistent with the 
earlier onset of 2PA in THF measured at 355 nm (2ℏω = 7 eV) 
to be 4(±1)×10–12 m/W compared to < 0.1×10–12 m/W in 
water.53 Given the 1:17 molar ratio of THF to water in the 
stoichiometric sII clathrate hydrate,§ their relative 
contributions to 2PA in the binary phase would be 
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approximately 1δTHF/17δH2O = 0.8 ± 0.1 assuming that their 
respective 2PA cross-sections do not change substantially from 
the liquid. However, δH2O at 265 nm for both ice and hydrate 
phases is expected to decrease with respect to liquid water 
due to strong perturbations induced by their fully coordinated, 
tetrahedral H-bond networks on the upper 4a1 Rydberg 
orbital9 common to both 11B1 and 21A1 transitions (note the 
blue-shift of their associated features for the solid in Fig. 1a). 
Therefore, we expect nearly equal participation in 2PA 
between the two components of the THF hydrate, despite the 
17-fold disparity in their concentrations. In the next section, 
we will see that the formation of all photoproducts detected 
following UV irradiation are best explained by preferential 2PA 
by THF rather than by two-photon ionization and dissociation 
of water. 

2.2 Nonlinear Photochemical Response 

 Three varieties of isotopically labelled THF hydrates were 

exposed to high intensity 265 nm laser radiation at 77 K for 

2 hours. Afterwards, the hydrate-stabilized radicals produced 

were detected using ESR spectroscopy. Dramatic attenuation 

of the pump laser due to scattering in the snow-like cryogenic 

samples necessitated the use of tighter focal conditions, long 

irradiation times, and a helical scan pattern to generate 

enough radicals for adequate signal-to-noise. Figure 3 features 

the ESR spectra of fully deuterated (top), host deuterated 

(middle), and guest deuterated (bottom) THF clathrate 

hydrates following UV irradiation. These spectra all possess 

sharp, isotropic features characteristic of highly disordered 

radical guests stably residing within clathrate cages.54,55 By 

contrast, control measurements of the irradiated pure solvent 

constituents differ considerably from the hydrate spectra, 

instead sporting weak, broad features with high anisotropy 

(Fig. S11). The origins and identities of several different radical 

species can be deduced from these spectra and a detailed 

characterization of each is presented in SI.3. 

In the field range between 338-352 mT with g-factors close 

to that of the free-electron (2.0023) are signals related to 

organic, carbon-centered radicals (Fig. 3c). A full basis analysis 

of the ESR spectrum presented in Figure 4 reveals at least four 

distinct species that constitute the signal in this region. Most 

prominent among these, present in all samples containing 

undeuterated THF, is a “triple-triplet” characteristic of a 1-alkyl 

radical. Variable temperature ESR measurements corroborate 

this assignment (Figs. S13-14); the hyperfine coupling (HFC) 

interaction associated with one pair of protons in this radical 

shows a strong temperature dependence while the interaction 

with the other pair remains constant. This behavior is 

explained as thermal averaging due to unhindered rotation of 

a terminal methylene carrying the unpaired spin density (Fig. 

S14b). The denser, unresolved splitting pattern in the ESR 

spectrum of the d8-THF hydrate is indeed a “quintuple-

quintet” produced by a deuterated 1-alkyl radical (Fig. S10). 

This species could only have formed from ring-opening or 

fragmentation of the THF molecule through the breakage of C-

O or C-C bonds: 

 THF 
2×265 nm
→        RCH2CH2

• + R′ (1) 

 There is some level of ambiguity regarding the identity of the 

R-groups since there are multiple sites where ring-cleavage 

could occur, and with the spin density is localized primarily on 

the terminal carbon, ESR cannot probe the molecular structure 

beyond the second carbon atom. Regardless, the formation of 

any 1-alkyl radical strongly points to the direct two-photon 

photolysis of THF which strongly contrasts with the typical 

radical formation mechanisms seen in γ-ray19–25,28 or MeV 

proton35 irradiated hydrates. In such studies, water molecules 

from the host framework absorb the brunt of the radiation and 

are split into atomic hydrogen (H•) and hydroxyl (OH•) radicals: 

 H2O 
𝛾–ray
→    H+ + e− + OH•  

          
→   H• + OH• (2) 

Liquid Sample β ×1012 [m/W] δ [GM] 

H2O 5.6 ± 0.1 1.25 ± 0.03 

THF 16.8 ± 2.0 17.0 ± 2.1 

Table 1: 2PA coefficients (β) and cross-sections δ for liquid water and THF 

measured at 265 nm. Parameters were extracted from fits to the 2PA model (Eqns. 1-

4) and given ± 2σ error bars.  δ are reported in units of “Goeppert-Mayer” where 1 GM 

= 10–58 m4s/photon. 

Figure 2: Transmittance of the focused 265 nm pump laser through 1 cm liquid samples 

of water (blue) and THF (red) as a function of incident peak intensity. The points are 

the measured transmittance with ± 1σ error bars. The solid curves are simulated fits to 

the filled data points using a simple theoretical model of 2PA (see Methods) where the 

shaded regions are bound by ± 2σ in the fit parameter β. The red, open data points 

could not be adequately described by the 2PA model alone and were thus excluded 

from the fit for THF. The observed deviation from the theory is likely due to an 

increasing contribution of χ(>3) nonlinear effects at high intensity.
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The products of water splitting (particularly OH•) then 

scavenge H atoms from organic guest molecules (GH) 

producing radicals (G•) in a secondary process: 

 
H• + GH 

          
→   H2 + G

• 

OH• + GH 
          
→   H2O + G

• 

(3) 

(4) 

Neither of the two cyclic tetrahydrofuranyl radicals,23,35 

expected to form through an analogous H• abstraction from 

THF are detected in any of our ESR spectra at 77 K. The 

conspicuous absence of these cyclic radicals along with the 

strong evidence of C-C or C-O bond cleavage constitutes a 

striking divergence of the induced 2PC from all prior accounts 

in clathrate hydrates. 

  The other major product detected in the ESR spectrum 

gives rise to a broad singlet (Fig. 4). The simplicity of this signal 

makes it somewhat challenging to assign but the two most 

plausible candidates are an acyl radical56–58 and a trapped 

electron (et
–). Both these species have similar g-factors 

(~2.001) both produce a featureless singlet due to unresolved 

HFC. There is precedent that protons split in reaction (2) can 

be stabilized by ionic31,59 and nonionic guest molecules with 

high proton affinities such as tert-butylamine (tBA),28,30 

enabling the detection of et
– in clathrate hydrates by steady-

state ESR. But even in these examples, the leftover OH• 

abstract a H atoms from the guests per reaction (4). We also 

noticed that this signal photobleaches when exposed to the 

532 nm Raman pump laser following UV irradiation (Figs. S16-

18)—an effect seen in both acyl radicals and et
–. The ambiguity 

of this assignment is largely rectified by isotopic labelling. 

Deuteration of water results in only a modest ~11% reduction 

of the singlet linewidth whereas deuteration of THF results in a 

~42% reduction (Table S4). This is strong evidence in favor of 

the acyl radical because its measured linewidth will be 

broadened chiefly by unresolved HFC to intramolecular 

protons. Conversely, since the preferred trapping site for an 

electron in clathrate hydrates is likely to involve tetrahedral 

coordination by four water molecules at a nodal defect in the 

host lattice,60 an ESR singlet corresponding to et
– should 

instead experience this significant linewidth contraction in D2O 

Figure 3: ESR spectra of irradiated, isotopically labelled THF clathrate hydrates at 77 K. H2O/THF hydrate (top), D2O/THF hydrate (middle), and H2O/d8-THF hydrate 

(bottom). The signatures of atomic (a)/(e) hydrogen and (b)/(d) deuterium radicals at low-/high-field respectively. Between these (c) is a superposition of signals 

corresponding to organic radical fragments originating from THF. A full decomposition of these spectra into a basis of assigned radical components is presented in Figure 

4. The spectra in each subplot are normalized over a common field range to provide a clear comparison. 
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hydrates. We conclude that the most likely identity of this 

signal is an acyl radical: 

 THF 
2×265 nm
→        R•C=O + R′ (5) 

Even if we do not observe et
– by steady-state ESR, it may be 

relevant at timescales not probed in this work; we will discuss 

the likelihood of this in Section 2.3. 

The remaining two organic radical components (Fig. 4) 

were much more easily identified as the three-carbon allyl 

radical, 

 THF 
2×265 nm
→        C 

• H2CH=CH2 + R′ (6) 

and the one-carbon methyl radical,  

 THF 
  2×265 nm  
→         C 

• H3 + R′ (7) 

These radical structures indicate extensive fragmentation of 

the THF molecule following 2PA, consistent with a direct 

photolysis mechanism. We find excellent agreement between 

the measured and computed ESR parameters for each of our 

radical structural assignments (Tables S3-S6). 

The characteristic signatures of atomic hydrogen (Fig. 3a & 

3e) and deuterium (Fig. 3b & 3d) can be observed at both the 

low- and high-field ranges. While the presence of D• in samples 

containing either D2O or d8-THF might initially suggest that 

both the host and guest are sources of these radicals, this may 

not be the case. Protons generated from the water framework 

in reaction (2) followed by exchange with guest molecules has 

been proposed to occur in some studies on γ-irradiated 

hydrates,16,29 but in our system isotopic labelling provides no 

evidence for the incorporation of host nuclei into the 

enclathrated radicals. Furthermore, we detect no hydroxyl 

radicals (OH•) produced in our UV irradiated hydrate samples 

in contrast to pure water ice (Fig. S11) and γ-irradiated CO2
26 

and Xe61 hydrates. A common trait of all these systems is a lack 

the excess of guest-bound hydrogen needed to re-form water. 

While the absence of OH• is expected for hydrate systems that 

exhibit H• abstraction reactions (3) and (4),19–25,28 the radical 

formation mechanisms in our system strongly deviate from 
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this motif. Conversely, we do weakly detect H• in pure glassy 

THF under the same irradiation conditions (Fig. S11) which is 

consistent with previous reports of H atom loss during VUV 

photolysis of THF in its pure condensed phases.62,63 It is 

plausible that H•/D• fragments originating from the photolysis 

of the organic guests possess sufficient kinetic energy to 

undergo exchange with the host water64 to explain the 

concurrence of both isotopes in Figure 3. Both atomic radicals 

are stable indefinitely at 77 K, remaining trapped at some well-

defined site within the hydrate structure (perhaps within 

empty 512 cages65) as evidenced by a super-hyperfine 

interaction (Fig. 3). Given the multiplicity of this additional 

splitting, and the fact that its magnitude is only large enough 

to be resolved in undeuterated host matrices, it might be 

attributed to a pair of protons of a nearby water molecule. The 

atomic radicals quickly decay when our samples are annealed 

above ~120 K, consistent with other reports.24,26,29,38 Only at 

these elevated temperatures does the thermally activated 

diffusion of H•/D• between cages59,60 enable reaction (3) with 

in-tact THF molecules to form the cyclic THF-2-yl radicals which 

we only detect after annealing (Fig. S12, Table S7). 

Alternatively, these mobile atomic radicals can terminate with 

organic parent fragments or each other to yield ESR silent 

products. Regardless of the precise origins of the atomic 

radicals, they are unlikely to play any role in the formation of 

organic radicals observed at 77 K. 

2.3 The Potential Role of Trapped Electrons 

Based on our estimate of 1δTHF/17δH2O in Section 2.1, some 

ionization of water is likely to occur in our system under UV 

irradiation, analogous to reaction (2). The ionization threshold 

of water has an early onset in the condensed phase,51,52,67–69 

beginning at energies as low as ~8 eV in amorphous ice at 77 

K.70,71 Existing H-bond defects in the crystal lattice can serve as 

trapping sites60 which may prolong recombination with 

protons. Likewise, the combined energy of two pump photons 

(9.36 eV) happens to fall just below the adiabatic ionization 

threshold of gas-phase THF (9.42 eV).72 While we find no 

convincing evidence of the THF radical cation73 or et
– by 

steady-state ESR, we cannot entirely rule them out as 

important short-lived intermediates without the information 

provided by a time-resolved study. After all, solvated electrons 

(eaq
–) are well known to exhibit a wide array of reactivity with 

organic compounds in solution74,75 so one might naturally 

suspect that they are responsible for the observed 

fragmentation of THF. In cryogenic clathrate hydrates, the low 

mobility of water76 does not allow for electrons or any related 

anion radical intermediate to be properly solvated. Transient 

melting due to absorption of the pump laser might allow for 

solvation to occur on short timescales, however, the local 

temperature jump would greatly increase the energetics of 

atomic radicals. Since we detect an accumulation of H•/D• 

during irradiation and do not measure cyclic radicals at 77 K, 

we can place a hard upper limit on the rate of photon energy 

absorbed by the sample such that it cannot produce a local 

temperature jump higher than 120 – 77 = 43 K. Still, polaronic 

et
– has many similarities with eaq

– which might facilitate a 

reactions with guest molecules.77 Indeed, electron transfer to 

N2O has previously been demonstrated in tBA/N2O mixed 

hydrates30,78 although in other cases et
– are stabilized on long 

timescales and do not seem to spontaneously react with 

guests.28,31,59 N2O79 is much more readily reduced than THF80 

which itself is a popular choice of solvent for electrochemical 

reductions because of its wide potential window,81 as well as 

in reductions with lithium metal and solvated electrons.82 

Reactive scattering studies investigating the effects of low 

energy electrons on structural subunits of DNA as well as THF 

show an onset of fragmentation beginning at ~5 eV.75,83 

However photoelectrons liberated from ice by two-photon 

excitation at 265 nm would not possess energies higher than 

~1.4 eV69,70 rendering THF fragmentation unlikely since its 

weakest bond (C-O) has a dissociation energy is ~3.6 eV.84 As 

mentioned earlier, all comparable clathrate studies including 

those in THF hydrates,23,35  employing γ-rays or protons with 

energies in excess of 1 MeV display distinct radical spectra 

from those we observe. We posit that these higher energy 

irradiation sources are more likely to induce electron 

chemistry than two-photon threshold ionization due to 

increased recombinational escape probability,68,85 additional 

electron sources from Auger emission following core-level 

ionization,86 and the possibility of electron-impact 

ionization.87,88 Taken all together, we do not find sufficient 

evidence or precedent for the observed fragmentation of THF 

in clathrate hydrates to be adequately explained in terms of 

reactions involving trapped electrons. 

2.4 Hypothesized Nonlinear Photolysis Scheme 

The diversity of the observed photoproducts hints at the 

existence of multiple decomposition channels with similarities 

to those put forth by Lee et al to describe their molecular 

beam experiments.45 Given the distribution of radicals 

stabilized in our hydrate samples after UV irradiation, we can 

only offer a hypothesis regarding the fast dynamics that 

unfolded immediately after two-photon excitation. Our 

hypothesized photolysis scheme is presented in Figure 5 and is 

consistent with the evidence provided. Following 2PA to a 

nested Rydberg manifold, gas phase THF is thought to undergo 

rapid interconversion to high vibrational levels of the ground 

electronic state, which leading to the rupture of a C-O bond.89 

For enclathrated THF, confinement of these Rydberg orbitals 

by neighbouring molecules90,91 might result in a blue-shift of 

the associated excited states as seen in the VUV absorption 

spectra of water in its condensed phases (Fig. 1a).92 Since no 

such absorption spectrum has been measured for THF in 

clathrate hydrates, we cannot specify exactly which excited 

state we are accessing, but as demonstrated by Röder et. Al., 

the dynamics that follow are largely independent of the exact 

nature of the excited states.89 From our estimates of the total 

delivered photon flux and quantitative product yields reported 

in Table S8, we estimate the quantum efficiency for the 

irradiation of the hydrate to be < 0.1%. This low absorption 

efficiency reflects an effective laser intensity experienced by 

the strongly scattering hydrate sample (Fig. S9b) that is well 

below the threshold for χ(>3) nonlinearity and 3-photon 
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ionization. We can then suppose that the first step of the 

reaction sequence is in accord with the gas phase studies of 

Röder et al.89 This first reaction step yields the 1,5-diradical, 

 {THF} 
2 × 265 nm
→        { CH2CH2CH2CH2O

•} 
•  (8) 

where the curly brackets denote a clathrate cage enclosing the 

molecule. This diradical may re-cyclize62,63 or undergo rapid 

thermal decomposition93,94 to give the observed fragments. 

The extent of this fragmentation prior to quenching is partially 

determined by the efficiency of vibrational coupling of the 

excited guest to the surrounding host lattice.95 It has been 

suggested elsewhere that β-elimination from the nascent 1,5-

diradical may result in two energetically plausible hydrogen-

loss channels.96 The first involves the loss of H• from the 2-

position and the formation of a C=O double bond: 

{ C 
• H2CH2CH2CH2O

•} 
             
→    { C 

• H2CH2CH2CH=O} + {H•} (9) 

Following reaction (9), the observed terminal alkyl radical 

might result from C-C bond cleavage and successful diffusion 

of translationally hot CO from its original cage97–102 to yield an 

isolated n-propyl radical: 

{ C 
• H2CH2CH2CH=O} 

            
→    { C 

• H2CH2CH3} + {CO} (10) 

However, if CO remains trapped and fails to diffuse from its 

original cage, it may spontaneously rearrange with the n-

propyl radical to form the butanoyl radical (Table S4), which is 

a likely candidate for the acyl radical: 

{ C 
• H2CH2CH3 + CO} 

            
→    {O= C 

• -CH2CH2CH3} (11) 

Photobleaching of the acyl radical with visible light (Figs. S16-

18) effectively reverses this process, regenerating 1-alkyl 

radicals and CO:56–58 

{O= C 
• -CH2CH2CH3} 

  532 nm  
→      { C 

• H2CH2CH3} + {CO} (11*) 

Similarly, following reaction (9), the methyl radical (Table S5) 

might also escape after forming through the simultaneous 

cleavage of two C-C bonds and H atom transfer to methylene: 

{ C 
• H2CH2CH2CH=O} 

            
→    {CO + CH2=CH2} + { CH3 

• } (12) 

If this highly reactive species remains confined with its sister 

fragments, n-propyl and butanoyl radicals will form: 

{CH2=CH2 + CH3 
• } + {CO} 

            
→    { C 

• H2CH2CH3} + {CO} 

{CO + CH2=CH2 + CH3 
• } 

            
→    {O= C 

• -CH2CH2CH3} 

(13) 

(14) 

The second hydrogen-loss channel96 from the 1,5-diradical 

involves β-elimination of H• from the 4-position and the 

formation of a C=C double bond: 

{ C 
• H2CH2CH2CH2O

•} 
             
→    {CH2=CHCH2CH2O

•} + {H•} (15) 

A subsequent C-C bond cleavage from the resulting oxyl radical 

yields an allyl radical (Table S6) alongside formaldehyde: 

{CH2=CHCH2CH2O
•}  

            
→    { C 

• H2CH=CH2 +H2C=O} (16) 

Due to its size, formaldehyde may not easily migrate out of its 

original cage. However, unlike with reaction (11), a stable 

structure was successfully calculated for a doubly occupied 

cage containing formaldehyde and the allyl radical. It is 

plausible that resonance stabilization of the allyl radical’s un-

paired electron prevents a spontaneous reverse reaction with 
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formaldehyde: 

[ C 
• H2CH=CH2  

             
↔    CH2=CHCH2

• ] (17) 

It is important to note that none of the diamagnetic products 

proposed in the above scheme (CO, ethylene, and 

formaldehyde) could be observed directly by NMR or Raman 

spectroscopy. Likewise, no products resulting from the decay 

of the ESR active radicals could be detected after thawing the 

irradiated hydrate samples at ambient temperature. 

3 Conclusions and Outlook 

Spectroscopists already routinely employ sequences of 

ultrafast excitation pulses to investigate the relaxation 

dynamics of high-lying electronic states of molecules, however 

the complexity of these experiments and the high sensitivity of 

ESR spectroscopy to radical species makes a degenerate 2PA 

scheme an attractive alternative. Furthermore, the trapping of 

reaction products in clathrate hydrates enable the detection of 

molecules that are otherwise short lived in the condensed 

phase. In this work, we demonstrated that ultrafast pulsed 

lasers, which are commercially widely available, can be a 

powerful tool for condensed phase 2PC. When assessing the 

selectivity of 2PA in THF hydrates, we conclude that THF 

absorbs the 265 nm radiation at nearly the same rate as water 

despite having a 17-fold disparity in concentration. ESR 

measurements following irradiation at 77 K clearly reveal the 

presence of several organic radical fragments originating 

exclusively from the photolysis of THF rather than as a 

consequence of water splitting. While we cannot definitively 

rule out any potential involvement of trapped electrons in the 

fast dynamics, we conclude that their role is most likely that of 

transient spectators. 

THF is often used as a simple molecular analog to the 

ribose backbone of DNA.75,83,86–88,103–107 In our system, the 

network of the hydrate approximates its aqueous environment 

which strongly influences the outcomes of related radiation 

induced processes.108 Astrochemical insights can also be 

gleaned since extraterrestrial clathrate hydrates are often 

implicated in the irradiation chemistry of interstellar and 

planetary ices.109–116 This work showcases and extends the 

potential of clathrate hydrates as a useful and interesting 

condensed phase reaction medium through the novel use of 

2PA and its incitement of a distinct radical formation 

mechanism. 

In principle 2PA could enable selective excited-state 

photochemistry of solute molecules within a variety of other 

condensed phase systems. Molecular 2PA cross-sections can 

be tuned by combining photons with different polarizations 

and energies in experiments involving multiple laser beams,9 

presenting further opportunities for additional state and 

solute selectivity afforded by 2PA beyond those explored here. 

The choice of this tailored excitation might be informed by a 

computation of the relative energies and cross-sections for 

excited states accessible under 2PA selection rules for a given 

photon pairing and molecular system.117,118 The simultaneous 

absorption of three or more photons (N-photon absorption) to 

access even higher-lying states, could further extend the 

capabilities of existing light sources while maintaining the 

material transparency and dispersive properties enjoyed at 

longer wavelengths. 

4 Methods 

4.1 Laser Specifications 

The 265 nm 3rd harmonic of Ti:Sapphire laser light was used as 

an irradiation source (SI.1a) and its intensity profile Iz(r,t) was 

characterized along the beam axis z, both radially r, and in 

time t. The maximum pulse energy E0 incident onto the sample 

was ~2 μJ and the repetition rate was 5 kHz. The full-width 

1/e2 pulse duration τpulse = 4τ (assuming Gaussian profile in 

time) was determined to be 504 ± 78 fs from an intensity 

autocorrelation (SI.1b) utilizing 2PA in liquid water.119 The 

focused beam was spatially profiled (SI.1c) to give an M2 of 

5.63, though Gaussian fits along the transverse axes are well-

behaved (Fig. S4b). We therefore consider for our beam’s 

spatial profile acceptably close to a Gaussian with an incident 

peak intensity given by: 

𝐼0(0,0) =
√2 𝐸0

𝜋3/2𝑤0
2𝜏

 Eqn.1 

For all experiments performed herein, τ, and w0 remain fixed 

while I0(0,0) is modulated by varying E0 (this is achieved 

through the rotation of an up-stream waveplate). 

4.2 Irradiation of Liquid Samples 

Transmittance measurements were performed using a f = 500 

mm lens to produce a focus with a 1/e2 waist radius of 142 ± 2 

μm (Rayleigh range of 5.7 ± 0.6 cm) and assumed to remain 

roughly constant through the 1 cm samples. Equation 1 gives a 

maximum incident peak intensity of ~20 GW/cm2. A pair of 

GaP photodiodes (SM05PD7A) were placed before and after 

sample calibrated with a power meter such that the time-

integrated voltage could converted to incident and transmitted 

pulse energy (Fig. S2). The transmitted energy of a pulse with a 

Gaussian intensity profile in space and time and a constant 

beam diameter through a sample of length L undergoing 2PA is 

given by:49 

𝐸𝐿 =
𝜋𝑤0

2

2𝛽𝐿
∫ ln[1 + 𝛽𝐿𝐼0(0,0)e

−𝑡2/2𝜏2] d𝑡
+∞

−∞

 Eqn.2 

This expression was evaluated numerically and divided by the 

incident pulse energy to obtain the transmittance: 

𝑇 = 𝐸𝐿/𝐸0 Eqn.3 

The measured incident and transmitted pulse energies were 

corrected for Fresnel reflection at each interface at normal 

incidence as well as absorption by the 1 mm quartz cuvette 

windows. The 2PA coefficients β were determined by fitting 

the corrected transmittance measurements to the theory. 2PA 

cross-sections were then calculated using the ground state 
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number density Ng of the absorber and the photon energy ℏω: 

𝛿 = 𝛽ℏ𝜔/𝑁𝑔 Eqn.4 

The best fit values of β and δ are reported in Table 1.  

4.3 Preparation and Irradiation of Cryogenic Samples 

Nanopure water was sparged with a stream of dry N2 gas for 

several minutes to drive out any dissolved oxygen, then placed 

in a sonicator for ~1 hour to degas. THF (inhibitor-free) was 

purchased from Fisher Scientific and sparged for 20 min with 

dry Argon and dried using a commercial two-column solvent 

purification system (LC Technologies). It was then further dried 

by storing over 3 Å molecular sieves for at least 48 hours prior 

to use. A sealed ampule of d8-THF (≥ 99.5 atom % D) was 

purchased from Sigma-Adlrich. 

Three stock solutions consisting of THF:H2O, THF:D2O, and 

d8-THF:H2O in 1:17 molar ratios were prepared in glass walled, 

PTFE capped bottles. Solutions stored in a refrigerator just 

above the freezing point of water (1 °C for H2O and 5 °C for 

D2O) to promote hydrate growth but prevent freezing (Fig. S6). 

After several hours of refrigeration, bottles were repeatedly 

dipped in liquid nitrogen for short intervals to encourage 

nucleation, and then placed back into the refrigerator. Within 

~1 hour, the stock solutions had fully solidified into a hydrate. 

Small pieces of the crystallized stock solution were dropped in 

a shallow bath of liquid nitrogen, crushed into fine gains (~1 

mm in diameter), and packed into ESR tubes, which were then 

gently submerged into a filled Wilmad-LabGlass ESR cold finger 

liquid nitrogen Dewar (WG-816-D-Q). The samples presented 

to the laser took on a snow-like appearance (Fig. S15b). To 

compensate for the rapid drop in laser intensity due to 

scattering in the sample, the pump light was focused tightly 

using a f = 40 mm lens. With these focal conditions, 

satisfactory signal-to-noise was obtained after 2 hours of UV 

irradiation. During irradiation, the sample was continuously 

translated vertically and rotated so that the laser traced a 

helical path. This is done to increase yield and prevent heating 

of the sample by the pump laser. An illustration of the setup as 

described can be found in Figure S5. 

4.4 Characterization of Cryogenic Samples 

For the quantitation of enclathrated radicals presented in 

Table S8, 34.1 ± 0.4 μmol of copper(II) sulfate pentahydrate 

was placed in a sealed vessel beneath the THF hydrate sample 

(Fig. 15b & c) and out of the path of the incident laser beam to 

act as an internal standard. The relative signal areas of the 

component spectra (Fig. 4b) and were calibrated to the 

standard using Equation S4, which accounts for the g-

dependence of the ESR transition probability.120 

Raman spectra (Figs. S7-9) were measured to assess 

sample structure and composition before and after irradiation. 

The 532 nm Raman laser was collinear with the 265 nm pump 

laser and the backscatter was fiber-coupled into an ARC 

SpectraPro-300i (details in SI.2b). From the normalized 

difference spectra in Figure S8, virtually no changes associated 

with product formation, reactant consumption, or 

decomposition of the hydrate structure are apparent even 

after 4 hours of scanning with the focused UV laser beam. This 

is consistent, both with our estimates of the accumulated 

radical concentrations (see SI.3e) lying far below the 

spontaneous Raman limit of detection, and with the 

background-free measurements of long-lived radicals by ESR. 

After UV irradiation, the liquid nitrogen cold finger 

containing the hydrate samples were transferred to a Bruker 

EMX Premium-X EPR Spectrometer. The microwave cavity was 

tuned to an X-band frequency of ~9.67 GHz for spectra 

measured at 77 K, and the power used was 5 mW. Data 

analysis, spectral simulations, and fitting were done using the 

EasySpin MATLAB toolbox.121 The simulated spin systems used 

to obtain best-fits to the measured spectra provided the 

information on atomic connectivity necessary to propose the 

candidate structures in the margins of Figure 4. 

4.5 Electronic Structure Calculations 

Optimized structures were calculated using Vienna Ab 

initio Simulation Package (VASP)122–124 employing the revised 

Perdew-Burke-Ernzerhof (revPBE) exchange correlation 

functional125,126 with the DFT-D3 dispersion correction127 and 

Becke-Johnson damping function.128 This approach has been 

validated in computational studies on CO2 clathrate hydrates 

for its accurate treatment of non-covalent, host-guest 

interactions.129 A plane-wave basis set with the projector 

augmented wave (PAW)130 method was employed. The atomic 

coordinates for the water molecules constituting the sII 

hydrate framework were taken from Lenz and Ojamäe131 with 

guest molecules placed into their initial positions at the 

centers of empty 51264 cavities. During the optimizations, 

which ran the conjugate gradient algorithm with a minimum 

force cutoff of 0.005 eV/Å, all atoms of the guest molecules 

were relaxed while those of the 28 waters comprising the cage 

remained fixed. The VASPKIT add-on132 was used to generate 

spin density plots from the valence charge density. 

Single-point DFT calculations were performed on the 

optimized candidate radical structures using the Orca quantum 

chemistry program133,134 to obtain hyperfine coupling 

constants and g-tensors. For this, the EPR-III basis set135,136 was 

used with the gauge invariant atomic orbital (GIAO) 

approach137,138 and B3LYP functional.139–142 
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