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ABSTRACT

Although silica surfaces have been used in organic oxidations for the production of peroxides,
studies of airborne singlet oxygen at interfaces are limited and have not found widespread
advantages. Here, with prenyl phenol coated silica and delivery of singlet oxygen ('Oz2) through
the gas phase, we uncover significant selectivity for dihydrofuran formation over allylic
hydroperoxide formation. The hydrophobic particle causes prenyl phenol to produce an iso-
hydroperoxide intermediate with an internally protonated oxygen atom, which leads to
dihydrofuran formation as well as O-atom transfer. In contrast, hydrophilic particles cause prenyl
phenol to produce allylic hydroperoxide, due to phenol OH hydrogen bonding with SiOH surface
groups. Mechanistic insight is provided by air/nanoparticle interface coated with the prenyl phenol,
in which product yield were 6-fold greater on the hydrophobic nanoparticles compared to the
hydrophilic nanoparticles and total rate constants (ASI-kt) of 'O2 were 13-fold greater on the
hydrophobic vs hydrophilic nanoparticles. A slope intersection method (SIM) method was also
developed that uses the airborne 'Oz lifetime (Tairbome) and surface-associated !0z lifetime (Tsuf) to
quantitate 'Oz transitioning from volatile to non-volatile and surface boundary (surface:--'02).
Further mechanistic insight on the selectivity of the reaction of prenyl phenol with 'Oz was

provided by DFT calculations.

INTRODUCTION

Interfacial strategies for selectivity in singlet oxygen ('O2) reactions could be developed
which do not rely on compartmentalization effects' ™ and which also use air-water or air-solid

interfaces. One relatively new approach is the delivery of 'Oz as a gas to the air-water interface in



the presence of prenylsurfactants [(CH3)2C=CH(CH2)xSO3~ Na* (n = 4, 6, 8)], which results in
higher ‘ene’ hydroperoxide regioselectivity for secondary ROOH to tertiary ROOH, which is a
relatively new approach.’ Five reports have referred to our previous work in seeking selectivity in
airborne '02 reactions; they have further reported on interfacial strategies,” ® where '02 arrives

top-down as a gas to an air-water interface.

The use of airborne 'Oz and its quenching at an interface can offer selectivity control, but
its important application to prenyl phenol (Pr, [2-(3-methylbut-2-en-1-yl)phenol]) has been
sparsely researched. Because airborne 'Oz can be generated and arrive to a surface such as a
particle, mechanistic processes to control its surface chemistry need to be explored. One paper in
2021 reported on the interparticle delivery and detection of airborne 'O at the air-particle
interface, where a [4 + 2] cycloaddition to anthracene compounds arose.'® This previous 2021
work presented a more qualitative aspect with air-solid interface total quenching rate constant
(ASI-kt) measurements of 'Oz, but with no chemical selectivity observed. Different coatings on
particles with varying hydrophobic and hydrophilic properties, could be introduced into the system
to potentially bias Pr/!O2 chemistry (Figure 1). Here, we tackle the problem of 'Oz oxidation at the
air-particle interface for selective control of a Pr due to oxophobilicty/philicity interactions. The
present work which examines the air-particle interface for selective control of a Pr, presents a
quantitative approach called the slope intersection method (SIM), along with ASI-kt measurements

and accompanying DFT results.

Specifically, our work provides mechanistic insight to selective airborne 'Oz chemistry on
three fronts: we (1) photogenerated 'O2 on a sensitizer particle, which travels through air to a
second particle bearing the oxidizable Pr compound. Here, product selectivity and product yields

of 'Oz are determined on hydrophobic and hydrophilic particles coated with the Pr. Also, air/solid



interface total rate constants (4SI-kt) of 'Oz are determined on the hydrophobic and hydrophilic
particles coated with the Pr. (2) Singlet oxygen can be directly detected by near-IR
phosphorescence for its lifetime as an airborne species and as a surface-associated species. The
lifetime of singlet oxygen is probed as an airborne species (Tairborne) and at the particle surface
(tsurf), in order to determine whether heterogeneous surfaces offer control in sensitized-
photooxidation of Pr. The Pr forms either dihydrobenzofuran 1 or allylic hydroperoxides 2 and 3
depending on whether the surface is hydrophobic or hydrophilic. This can be quantitated by 'O2
quenching of the particle surface coated with Pr. Specifically, SIM is used to assess singlet oxygen
transfer characteristics, utilizing quenching and lifetime (1) data to identify slope inflection
parameters to rank 'Oz over the spectrum from particle-dissociated to -associated species. (3) DFT
calculations provided additional mechanistic insight. The results of our work provide evidence for
the mechanism shown in Figure 1, wherein particle aproticity is revealed, increasing the reactivity

of '02 with the prenyl group. DFT data point to the intermediacy of an iso-hydroperoxide (ISO).

One innovation described in this paper lies in the new air-particle interface detection
method. This method, using SIM, provides an intersection angle, which uses the airborne 'Oz
lifetime (Tairborne) and surface-associated 'O2 lifetime (tsuf), making the mechanism easy to
understand. We justify the choice of material, using silica nanoparticles in an effort to control the
02 reaction. Somewhat similarly, control of radical stabilization and photochemical reactions
have been obtained on silica nanoparticle.!' !> We propose that our 'O air-solid method could
have general applicability in a variety of research areas such as interfacial 'Oz photoimaging'#!?

and environmental chemistry.!6!” Therefore, we provide a detailed description of SIM, which

enables one to gauge Pr/'O2 adduct binding. This includes how to conduct the airborne and surface-



associated '02 lifetime experiments, while differentiating how 'Oz plays important roles in

oxidizing particulates'® 2! with intermediacy on surfaces?>?3 and in air.?4?
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Figure 1. Schematic showing the irradiation of the photosensitizer particle (Pps), formation of
airborne singlet oxygen ('02), and its interaction with prenyl phenol (Pr) coated on hydrophobic

(Psime) or hydrophilic particles (Psion). Regioselectivity is found leading to dihydrofuran 1 by an



iso-hydroperoxide intermediate (ISO) on Psime particles, whereas a 'Oz ‘ene’ reaction leads to

allylic hydroperoxides 2 and 3 on the Psion particles.

MATERIALS AND METHODS

General. The following reagents were purchased from Sigma-Aldrich and used as
received: 3,3-dimethylallyl bromide, sodium hydride, sodium bicarbonate, sodium sulfate, sodium
nitrite, phenol, and HPLC-grade acetonitrile. Diethyl ether, ethyl acetate, hexanes, H202 (3 w/v%),
toluene (anhydrous), CHCl3, CDCls, and DMSO-ds were purchased from VWR and used as
received. Aluminum (III) phthalocyanine dichloride (AIPcClz) was purchased from Frontier
Scientific and used as received. Prenyl phenol (Pr)?° and 8-acetoxymethyl-2,6-dibromo-1,3,5,7-
tetramethyl pyrromethene fluoroborate (Br2B-OAc)?’ were synthesized based on literature
procedures. CAB-O-Sil TS-720 fumed silica (surface-treated with polydimethylsiloxane, average
diameter: 250 nm, surface area: 200 + 25 m?/g) and S5505 hydrophilic fumed silica (surface area:
average diameter: 250 nm, 200 + 25 m?/g and ~4 silanol groups/nm?) was purchased from
Composite Resources (Rock Hill, SC). Silica gel particles (average diameter: 60 pm) were
purchased from SiliCycle® Inc. Porous Vycor glass (PVG) was used (Corning 7930 from
Advanced Glass and Ceramics, Holden, MA, density is 1.38 g/mm?®) and ground into
microparticles with an average diameter of 69 um. A Brucker Avance 400 MHz instrument was
used to collect "H NMR data. A Nicolet iS10 FTIR instrument was used to collect IR data. The

three photolysis apparatuses that were used are shown in Figure 2A-C and are described below.
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Figure 2. Photolysis apparatuses used in the product studies (A), time-resolved studies (B), and

102 phosphorescence measurements (C).

Airborne '02/Pr Nanoparticle Reactions: Product Studies. Photosensitizer particles
(Prs) were prepared with a loading BraB-OAc or AI(III)Cl2Pc was adsorbed onto PVG particles in
a manner similar to that previously described.!? Here, Br2B-OAc or AI(IIT)C1L2Pc (0.20 pmol) was
dissolved in 3.0 mL CHCIs and stirred with 100 mg of PVG particles for 3 min. The CHCI3 was
then evaporated at low pressure at low pressure with a rotary evaporator leaving the sensitizer
adsorbed. Pr was adsorbed onto either hydrophobic and hydrophilic nanoparticles. Pr (200 pmol)

was dissolved in 6.0 mL CHCls and stirred with 100 mg of hydrophobic fumed for 3 min. The



CHCIl3; was then evaporated at low pressure with a rotary evaporator leaving the Pr adsorbed.
Airborne 'Oz reactions with Pr on hydrophobic and hydrophilic nanoparticles were carried out in
5-mL test tube. The Pps nanoparticles and the hydrophobic or hydrophilic nanoparticles coated
with Pr were mixed. The particles were stationary during the 1-h irradiation period, where the test
tube containing the particles was placed inside of a 1-cm NaNO: filter solution (75 w/v%) to block
light < 400 nm. The samples were irradiated with two 400-W metal halide lamps in which the
photons (400 < A <700 nm) were absorbed by Pps (Figure 2A). During the irradiation period, the
temperature rose less than by ~3 °C. For the NMR studies, after photolysis, compounds were
desorbed from the hydrophobic or hydrophilic nanoparticle surfaces by stirring with 6-mL CHCI3
for 3-5 min. No filtering of the sensitizer particles away from the Pr-coated particles because of
the very low amount of the sensitizer used (PS:Pr = 1:1000). Particles in the CHCl3 were removed
passing through a syringe filter. CHCls was evaporated and replaced with CDCIs. For the IR
studies, after photolysis, the compounds were analyzed directly on the nanoparticle surfaces.
Airborne '02/Pr Nanoparticle Reactions: Time-Resolved Studies. A particle device
was used as described previously.!? Pps particles were prepared with a loading 0.05 pmol Br2B-
OAc/g (7.1 x 10° PS molecules/PVG particle) or 0.05 pmol Br2B-OAc/g (6.8 x 10° PS
molecules/60 um silica gel particle). The particles were loaded with Pr (0 up to 200 pmol/g) (0 to
2.3 x 10° Pr molecules/ fumed particle). Experiments were carried out in a cuvette filled with Pps
(100 mg, 7.1 x 10° PS molecules/PVG particle and Pr-loaded particles (100 mg, 0-2.3 x 103 Pr
molecules/fumed silica particle) for net ratios PS:Pr of 65:1, 25:1, 13:1, 6:1, and 1:3. The number
of Psime or Psion is 5.3 x 10'° particles/g and the weight of each particle is 1.9 x 10® mg, each
accurate to £2%. The number of PS particles in each experiment was 4.2 x 10° particles, and the

weight of each particle is 2.4 x 1077 g.



Quenching of Airborne !0: by Pr at the Air/Particle Interface. The !O2
photosensitizing nanoparticles (Pps) were prepared adsorbing 0.05 pmol of Br2B-OAc sensitizer
per gram of PVG, which was previously found to be the optimal loading as reflected in the longest
lifetime for 'Oz in air (Figure 2B).!° To monitor !O2 phosphorescence, 100 mg of Pps particles was
mixed with 100 mg of nanoparticles containing the desired loading of prenyl phenol. To acquire
the kinetic traces, the samples were irradiated with an Nd:YAG Q-switched laser operating at 5
Hz. The optical layout was configured to produce 532 nm, 5 Hz, and 30 mJ/pulse. The excitation
of the nanoparticle samples was irradiated from the top. There is no solvent in the system, oxygen
is from air as a static source surrounding the nanoparticles. The 'O2 phosphorescence was detected
employing a photomultiplier tube (H10330A-45 Hamamatsu Corp.) in which the emitted light was
detected through a NIR band-pass filter centered at 1270 nm (OD4 blocking, FWHM = 15 nm).
Our particle system is static. Basic calculations show the diffusion time and length scale (L?/D) to
be shorter than the kinetic t. For example, L?/D < 1 (L%/D for 1 nm up to 50 um has mass transport
times of 5 x 107 sup to 1.2 x 107 s, respectively, which are shorter compared to our measured
Tairborne OF 5.5 X 107*s), see the time-resolved results below, using a diffusion coefficient for oxygen
in air of 1.98 x 107> m? s71.28 Notably, the t of 'Oz is shorter in quencher-free H20 (3.5 us).?’ In
our system, a kinetic model can be used for the data gathered, in which a number of collisions of
102 with Pr are required prior to a chemical reaction as it is not a diffusion controlled bimolecular
reaction. To acquire the intensity vs time trajectories the same instrumentation described above
was used, but now the samples were excited from the top and not on one face of the cuvette. The
decay curves were fitted with a biexponential function (eq 1) where / is the intensity at any given
point in time, lo is the intensity when t = oo, t is the time, Tsurf is the observed lifetime 1 (short

component, attributed to 'Oz on the surface of the particles) and Tairbome is the observed lifetime 2



(long component, assigned to 'Oz in the air), and A is the amplitude. A values in Asuf and Aairborne
are the amplitudes or the pre-exponential factors, and correspond to the number of airborne 02
molecules.

I =1y + Agys e~ t/Tsurf 4 Asirborne e~ t/Tairborne (1)
The quenching of 'Oz phosphorescence emission by the particles containing Pr is given by eq 2
that is a derivation of the Stern-Volmer analysis. We emphasize that Tairborne 1S greater than Tsurf,
and since Tsurf are small values throughout the experiments, and particles containing the quencher

deactivates mainly airborne 'Oz, eq 2 is expressed as a function of Tairborne,

To

= 1+ (ASI — kp)To[Pr] )

Tairborne

where 10 corresponds to the lifetime of 'Oz in air and ASI-kr is the air/solid interface total
quenching rate constant. The ASI-kr values were determine using only the long times (Tairborne)
obtained by fitting with a biexponential function. This is done also based on our previous control
reactions using the same photosensitizer particles to study the oxidation of an aromatic
compound,'® which showed that removing O2 via an N2 purge and using physical and chemical
102 quenchers pointed to Tairbome as the lifetime of airborne 'O2. Considering that k = 1/t eq 2 can
also be expressed as:

Kairborne = ka + (ASI — kr)[Pr] 3)
In this eq, kaibome is the observed rate constant for airborne 'Oz, ka is the rate constant of
deactivation of 'Oz by air, and Q is the prenyl phenol quencher. OriginPro (Academic, version
8.5.1, OriginLab Corporation, Northampton, MA, USA) was used to plot data, including an
extension Tangent.opx from OriginLab Corporation as an add-on tool called “Estimate Onset of

Slope™.
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Slope Intersection Method (SIM). Figure 3 shows the ta decay profiles of 'Oz in the
airborne state (A), at the particle surface (C), and the segue between the two (B). For (B), 0 is

determined by the law of cosines shown in eq 4:

—1 C?-B?- 42
2AC

0 = cos 4)
where A, B, and C correspond to the sides of an obtuse triangle. To obtain 0, the three slopes
(sides) were calculated with eqs 5-7 and the use of Pythagoras theorem. Here, P1, P2, and P3 are
the points or corners opposite to sides C, A, and B, respectively. The position for these points is

provided by the X and Y coordinates in the plot enabling the solution to these equations.

A=P — Py= /(X — X3)2+ (Y, — ¥3)? (%)
B=P — P,= (X1 — X;)?+ (¥, — Y,)? (6)
C=P,— Py= J(X;— X3)2+ (Y, — V3)? (7)

To obtain the coordinates, four points were selected on the intensity decay curve (Figure
3, vertical red lines 1-4). Then, the Y values of the curve were automatically computed at these
four positions by interpolation. After designating the position of lines 1-4, lines A and C were
generated by connecting the X and Y points, with the intersection yielding the coordinates for
point Pi1. In Figure 3, vertical lines 3 and 4 are used to bracket the short decay and vertical lines 1
and 2 are used to bracket the long decay. Our technique was found to be reasonably accurate to
within 0 + 0.5°. Selection of the points along the intensity decay curve were kept constant for all

the experiments with values of 5 x 1073, 1x 107, 5 x 107, and 8 x 10~ s for lines 3, 4, 1, and 2,
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respectively. The choice of these values was based in the following assumption: since the intensity
decay trajectories are bi-exponential and the analysis implies linear interpolation, with these values

the maximum overlap between the fast and slow component of the decay and computed lines A

and C was achieved.
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Figure 3. Slope intersection method (SIM): A representative decay profile of 'Oz in air (A) and
being quenching by Pr at the particle surface (C), and deduction of the point straddling the two
(B). Blue lines A, B, and C represent the slope and the intersections define the X and Y axes for
points P1, P2, and P3, from where the value for 0 is obtained. The vertical red lines across the plot

denote the points selected to define lines A and C.

Further '02 phosphorescence measurements were also carried out on a second laser
system consisting of a HORIBA Fluorolog-QM spectrofluorometer (Figure 2C). Here, a
photomultiplier tube (H10330A-45 Hamamatsu Corp.) similar to that above was also used, but it
was coupled to the spectrofluorometer and a supercontinuum pulsed laser (SuperK Fianium FIU-
15 provided by NKT Photonics) was used as the excitation source. Two-band pass emission filters

12



(1300/200 nm and 1275/30 nm) were used to minimize scattered light. The laser was controlled
using two external radiofrequency (RF) drivers from NKT Photonics. The excitation rate was 78.1
MHz, and the power was 0.5 mW at 540 nm. A home built triangular 3D-printed mini-cuvette was
used for the solid samples. The photosensitizer particles were tightly packed in the sample holder
of the cuvette and supported with a glass coverslip. The plastic cuvette with the sample was then
fitted into a conventional (10 x 10 mm) glass cuvette and sealed with a septum allowing to purge
the sample with Ar (10 min), O2 (30 min), and to apply vacuum (1 h) using an oil vacuum pump.

Computational Section. We carried out optimizations, frequency calculations, and
intrinsic reaction coordinate (IRC) calculations using the Gaussian16 program (revision C.01)%°
along with Gaussview 6.0 for visualizations.’! Calculations were performed with B3LYP in
conjunction with the basis set 6-31G+(d,p). The energies are reported as enthalpies with thermal
corrections to 298 K. Frequency and IRC calculations were carried out to verify transition state
(TS) structures. We find that iso-hydroperoxide 3 is a minimum based on B3LYP/6-31G+(d,p)
calculations, which was then used in a single point CCSD(T)/6-31+G(d,p) calculation via
Gaussian16 to examine for possible spin contamination via Lee and Taylor’s T1 diagnostic test.>?
Estimated distances between Pr molecules on the fumed particle surface were estimated by

optimizing the Pr geometry with the MMFF force field using Avogadro software (version 1.2.0).33

RESULTS AND DISCUSSION
Airborne !02/Pr Nanoparticle Reactions: Product Studies. The reaction of airborne 'Oz
with Pr on hydrophobic and hydrophilic nanoparticles led to products 1-3, and § according to NMR

following their desorption (Table 1). The nanoparticle type was found to bias the product outcome.
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On hydrophobic nanoparticles, dihydrobenzofuran 1 was the main product, along with epoxide 5,
along with trace amounts of hydroperoxides 2 and 3. On hydrophilic nanoparticles, the amount of
hydroperoxides 2 and 3 increased and the amount of dihydrobenzofuran 1 decreased, and epoxide
5 was not detected. A ratio of dihydrobenzofuran 1 to the hydroperoxides 2 and 3 on the
hydrophobic nanoparticles is ~20:1, but on the hydrophilic nanoparticles is 0.2:4.0. This amounts
to a ~85-fold increase in dihydrobenzofuran 1 formation on hydrophobic nanoparticles compared
to hydrophilic nanoparticles. We found that the ratio of hydroperoxides 2:3 does not depend on
the hydrophobic or hydrophilic nanoparticle surface, where the ratio of the two remained near to
~1:1. A note on the stability the hydroperoxides 2 and 3 on the nanoparticle surfaces, we find that
after a few days the surface led to a decrease of 3, with formation of by-product methane that is
consistent with this pointing to its formation by a decomposition of a gem-dimethyl alkoxy radical
of 3. On the hydrophobic nanoparticles, we detected the formation of the epoxide 5, but not on the

hydrophilic nanoparticles.

Table 1. Effect of hydrophobic and hydrophilic nanoparticle surfaces on the product ratios in the

reaction of airborne 'Oz with Pr. @

hydrophobic hydrophilic
products nanoparticle nanoparticle
(Psime) (Psion)
dihydrobenzofuran 1 17 0.2
hydroperoxide 2 0.5 2.1
hydroperoxide 3 ~0.2 1.9

14



epoxide 5 9 0

@ Relative yields averaged from photosensitizer particles Pps (Br2B-OAc or AI(IIT)Cl2Pc), where
in '"H NMR product peaks were consistent with those reported in literature.>* Hydroperoxides 2
and 3 are stable up to 2-3 days on the nanoparticles. Information on the quantitation of H202 is not

included as it was found not to be reliable by NMR.

Airborne 'O2/Pr Nanoparticle Reactions: Time-Resolved Studies. Results were
obtained for air/solid interface total rate constants (4S/-kt) of 'O2 by hydrophobic and hydrophilic
nanoparticles loaded with the Pr. The setup consisted of PVG particles coated with a Br2B-OAc
photosensitizer (Pps) to produce airborne 'Oz, leading to distinct biexponential intensity decay
curves assigned to two lifetimes. The longer lifetime (Tairbome ~550 ps) was attributed to the 'Oz
that diffuses in the air, and the short component (Tsurt ~60 pus) corresponds to 'Oz on the surface of
the particle loaded with Pr. The 4SI-kt values of 'Oz are the long lifetime component for Pr loaded
onto hydrophobic and hydrophilic nanoparticles. Pps particles were mixed in equal weight with
hydrophobic (Psime) or hydrophilic (Psion) nanoparticles, in which intensity vs time trajectories for
deactivation of !0z are shown in Figure 4. Here, the time window is sufficiently large for ample
detection of the long-time signal. The intensity diminishes with increased loading of Pr on the
Psime (Figure 4A) and Psion (Figure 4B) nanoparticles. Table 2 shows the Tairborne Values when no
Pr is adsorbed of 725 and 697 ps for Psime and Psion, respectively. These values in Table 1, entry
1 are similar to those obtained from the Y-axis intercepts in Figure 4A and 4B of to = 693 us for
Psime and 1o = 700 ps for Psion. These lifetimes of airborne 'Oz are near to that of 0.98 ms of 'Oz
in gas bubbles,* where longer lifetimes have also been reported under turbulent flow, pressure

gradient, or other condition.’¢"#! Increasing the loading of Pr up to 200 pmol per gram
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nanoparticles showed a reduction of the lifetime that was strongly influenced by the
hydrophobicity of the nanoparticle. Namely, increased Pr loading on the hydrophobic
nanoparticles showed a 7-fold decrease in the Tairbome values, where for hydrophilic nanoparticles
bearing SiOH groups, the decrease was only 1.4-fold. Fitting of the data in Figure 5 with eq 3
allowed to obtain the values for ASI-kr of 4.2 x 107 g mol's™! for Psime (Figure 5A) and 3.1 x 10°
g mol™! s7! for Psion (Figure 5B) (Table 3). Furthermore, Figure S7 (Supporting Information)
shows phosphorescence spectra of !0z of the Pps under different conditions including purging with
O3, air, and Ar gas or under vacuum. To gain further insight to the 'Oz reaction with Pr on the

nanoparticle surfaces, a slope intersection method was developed, as described next.
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Table 2. Lifetime measurements of 'Oz by direct phosphorescence at 1270 nm as an airborne
species (Tairborne) and on the particle surface (tsurf) with associated slope intersection angles (0) at

different particles loading of prenyl phenol (Pr).

Pr loading Psime Psion
entry
(nmol/g) Tsurf (US)°  Tairborne (US)°  O°  Tsurr (US)” Tairborne (Us)’  0°
1 04 55 725 99.2 53 697 98.9
2 10 53 559 97.2 52 680 98.4
3 25 54 382 95.1 53 670 98.0
4 50 54 278 94.3 49 630 97.7
5 100 53 191 94.0 48 580 97.5
6 200 52 104 93.2 47 486 97.3

@ Pps particles were mixed with Psime or Psion particles in a 1:1 ratio. ? Errors for Tsurt and Tairborne
are =1 and £5-10 ps, respectively, and errors for the fittings were 0.01-0.03 ps. ¢ Errors for 6 based
on the slopes analysis are + 0.5°, and thus we favor this method. A digital protractor method was
also used in which the long lifetime line started at t = oo (I = 0) and ended in the intersection with
the descending line. However, we found that the obtuse angle between the two lines by the digital

protractor was less reliable, with error in 6 > 2.0°.
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Figure 4. Normalized 'O2 luminescence decay curves monitored at 1270 nm for mixtures of (A)

Prs:Psime (1:1) and (B) Prs:Psion with increasing loadings of prenyl phenol (Pr).
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Table 3. Total quenching rate constant (kt) measurements of 'Oz by prenyl phenol (Pr) at the

air/nanoparticle interface.

heterogeneous
Medium solid support
ASI-kr (g mol™! s71) x 107
hydrophobic
nanoparticles
42+0.1
(Psime)
air/particle
interface hydrophilic
nanoparticles
0.31+0.08
(Psion)

Slope Intersection Method (SIM): Reaction of Airborne 'Oz with Pr-Coated Particles.
Shown in Figure 6 are the 'Oz intensity vs time profiles with airborne '02 being quenched by Pr
on Psime and Psion particles. Figure 6 shows the lifetime decay for long component of airborne '02
(Tairborne) in A and short decay component of 'Oz at the particle surface (tsurf) in C, in which we
measure the slope intersection angle 0 between the two. With the use of eq 5-7, Table 2 shows that
0 decreases upon increased loading of the Pr on the particle. Specifically, when the loading of Pr
increased from 0 to 200 umol/g on the hydrophobic particles, 6 decreased 6.0° while a decrease of

only 1.6° was observed on the hydrophilic particles. Tsurf remains nearly constant upon increased
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loading of Pr (varying by 2.6 us for Psime and 5.7 ps for Psion), suggesting that the magnitude of
0 is mainly determined by the Tairbome. Indeed, increasing the Pr loading reduced both the Tairborne
and 0, with the latter in an L-shape manner (Figure 7A). Figure 7A shows a notable difference in
0 vs loading profiles depending on the quencher, Pr. A larger decrease in 0 is seen in Psime at low
content of Pr (0 to 25 umol/g) that continues above 25 pmol/g and decreased gently and reaches
the horizontal part of the “L” toward the higher loadings. In contrast, particles loaded with Psion
show only a modest slope that gradually decreases on higher loading, up to 50 pmol/g.
Furthermore, the variation in 6 (A8 = 00 umovg — 0200 umol/g) 1S ~70% in the first three points for Psime
particles and ~50% for Psion. We note that the data are accurate to +5.1%. Also, control
experiments demonstrated the necessity of light, oxygen and of Pps and Pr loaded onto Psime and
Psion. Further insight was sought by calculating the spatial separation of Pr molecules, SiOH and
methylsilane surface sites (Table S1, Supporting Information), and yields to help understand
quenching of 'Oz at the air/particle interface. Tellingly, Psion but not Psime, contains particle silanol
groups that can H-bond to the prenyl phenol OH group. At all loadings of Pr, a lower 6 value is
observed with Psime than Psion, where on average the Pr interacts with about 2 SIOH groups on the
loading in which !O2 quenching is greater in the latter. Because DFT calculations can also provide
insight to H-bonding, next we discuss molecular H-bonding relating to the formation and fate of a

so-called iso-hydroperoxide B in the context of Pr’s consumption.
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Proposed Mechanism and DFT Calculated Results. Singlet Oxygen Directed to the
Prenyl Site by the Phenol OH Group. Figure 8i shows the interaction of 'O: at the particle surface
with Pr to form an iso-hydroperoxide (ISO, also referred to as B) and 1 on a hydrophobic surface
treated with polydimethylsiloxane, whereas Figure 8ii shows that hydrophilic particles bearing
SiOH groups lead to 'O2 ‘ene’ reactions with formation secondary allylic hydroproxide 2 and
tertiary allylic hydroproxide 3. Figure 8iii shows that Pr is distinguished by the presence or the
absence (Pr’) of a phenol O—H---t bond with the prenyl C2'=C3’. The hydrogen of O3'—H is located
nearby at a H---C2' distance of 2.215 A for Pr, but further away at 4.285 A for Pr’, for an NBO

calculated O-H---7 interaction of 4.46 kcal/mol in the former. Addition of 'Oz to Pr leads to an
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unsymmetrical perepoxide A with an O1-C2’ bond distance of 1.543 A, an O1-C3’ bond distance
of 1.623 A, and relatively linear O—H---O2 bond angle of 176.6°. Pr’ can undergo an ‘ene’ reaction
with 'Oz to form the allylic hydroperoxides 2 and 3, but was not studied here, as the 'Oz ‘ene’
reaction has been the subject of other detailed computational studies.>*>~4* We find that perepoxide
A resides in a shallow minimum bearing an intramolecular phenol H-bond. Our studies were then
focused on the facile routes to the iso-hydroperoxide B and dihydrofuran 1 (Figure 8iv). Instead
of path B leading to hydroperoxide 4, the formation of dihydrofuran 1 is computed to arise by path
A in H20:2 expulsion of iso-hydroperoxide B via TSB/1. The activation barrier of TSB/1 is 6.3
kcal/mol in the gas-phase, where the transition state has an O—C bond distance of 2.008 A and H—
O1-0O2-H dihedral angle of -95.1°, thereby releasing H202. An 90° angle is preferred for free
HOOH, where dihedral angle increases lead to enhanced lone-pair interactions on adjacent oxygen
atoms. This is known to be destabilizing from antibonding overlap in the n* molecular orbital,

which can reduce the oxygen-oxygen bond energy.
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with the formation of an iso-hydroperoxide B leading to dihydrobenzofuran 1, and (iii) 'O2 ‘ene’
reaction on Psion leads to 2 and 3. (iv) B3LYP/6-31+G(d,p) calculated potential energy surface for
the reaction of 'O2 with Pr to reach 1 and H202, in which gas-phase energetics are shown in

kcal/mol.

Further Mechanistic Considerations. The above results are rationalized in the
mechanism shown in Figures 1 and 8, and as follows. After photogeneration of 'Oz on the Pps,
airborne '02 diffuses and reacts with the Pr on a second particle surface. We found that (i) a 6-fold
increase in product yield on the hydrophobic nanoparticles compared to the hydrophilic
nanoparticles. Somewhat similarly, the 4SI-kr of airborne 'O2 with Pr on the hydrophobic
nanoparticles is 13.5-fold greater than on the hydrophilic nanoparticles. Both the product data and
ASI-kr data point to molecular H-bonding of Pr with !O2 can arise on the hydrophobic
nanoparticles, but not hydrophilic nanoparticles. Physical quenching by the SIOH groups on the
hydrophilic particle was not prevalent, otherwise the opposite trend with a high ASI-kt value would
have been observed. Consequently, selectivity favors dihydrofuran 1 over the ‘ene’
hydroperoxides 2 and 3. A recent report** also found selectivity, but by homogeneous solvent on
product formation, where in Ce¢Ds, dihydrofuran 1, whereas in CH3OH the dihydrofuran 1
decreased and amounts of allylic hydroperoxides 2 and 3 increased.

(i) Our present study focused on a new method to analyze 'O2 phosphorescence data
termed “slope intersection method” (SIM). SIM utilizes the concept that a change in slope is due

to 'Oz partitioning from the gas phase to the solid phase. We found that the more the Pr was loaded

on Psime and Psion, the more the slope intersection 0 decreased, with a concurrent decrease in
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Tairborne, but leaving Tsurf mostly unchanged. What is the physical meaning of 6? When airborne '02
yielded 6 = 91° it is interpreted as increased association of !O2 on the surface, whereas 99°
represents a weaker association of 'O2. Greater A0 reflect increased association at the surface; this
is shown in eq 8 in which A0 is 6.0° varying from 6 = 99.2° to 93.2° on hydrophobic nanoparticles
with formation of an ISO B intermediate. This is contrasted to a more loosely bound perepoxide
transition state with a reduced A® = 1.6° varying only from 6 = 98.9° to 97.3° on hydrophilic

nanoparticles in eq 9.

Psime: [airborne 'O, % (Pr surface---'0,) — ISO B intermediate] — 1+ 5 (®)

Psion [airborne 'O, %; (Pr surface --'O, % Pr surface--'0; %; Pr surface-'0,) — perepoxide TS] — 2+ 3 (9)

Airborne 'O2 quenching by Pr-loaded particles was greater compared to an uncoated
particle. This is due to the chemical quenching and photooxidation of Pr. Figure 7 shows that AO
increases upon increased Pr loading, when Psime or Psion > 0 pmol/g. That the Tairbore 1S shorter
with Tsurf remaining constant or only slightly decreasing was quite informative. Thus, a theoretical
question came to mind: What are the theoretical limits of 6? If all 'O2 were quenched by Pr at the
surface, 6 would be 90°. On the other hand, if there was no particle quenching, 6 would be 180°,
which would signify that the lifetime of 'Oz is the same as a gaseous species and surface-adsorbed
species. The absence of surface 'Oz quenching would theoretically lead to Teurf becoming
equivalent to Tairborne. In the present study, however, a reasonable notion for the shorter lifetime
on coated particles is enhanced participation of Pr in chemical quenching, whereby there is less

participation by SiO—H vibrational deactivation in the physical quenching of '02. Evidence in (i)
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and (ii) point to H-bond enhancement of the rate of the 'Oz reaction with Pr on the Psime surface,
but not Psion surface. This line of thought is also supported theoretically with DFT.

(ii1)) DFT results show the OH group of Pr forms an H-bond in the unsymmetrical
perepoxide A with an O1-C2' bond distance of 2.114 A, an O1-C3’ bond distance of 2.186 A, and
a relatively linear O—H---O1 bond angle of 167.0°. This H-bond assistance in TSB/1 enables O3’
closure, forming the dihydrofuran ring in 1. The particle hydrophobicity enables an
interconversion between Pr and a novel iso-hydroperoxide intermediate B that provides a key path
in the chemistry which then follows. Formation of allylic hydroperoxides is unlikely from a 'O2
‘ene’ reaction. Instead, dihydrofuran arises from an iso-hydroperoxide due to an intramolecular
hydroxy directing 'Oz process. Our DFT results point to the importance of a phenol O—H---1t prenyl
(soft intramolecular H-bond) in Pr, that facilitates the formation of the iso-hydroperoxide B,
presumably through O—H---'02 hydrogen bonding. Steering effects of 'O2 by hydroxy groups have
been reported* 3 and can lead to shallow minima, in which the presence of a water interface”® or
confinement effects* perturb the ‘ene’ reaction. It can be noted that alcohol groups offer two
distinct, if not opposite, functions in 'Oz chemistry. Alcohols lead to facile conversion of 'Oz to
302 by physical quenching via electronic (E) — vibronic (V) energy transfer’*—>* thereby
shortening !02’s lifetime in protic media. On the other hand, alcohols can serve to H-bond and
steer 'Oz to a reaction site>>¢ provided its lifetime is long enough for the reaction; that is, it reacts
prior to being physically quenched. Until now, the role of alcohol substituents on alkenes with !0z
has mainly been understood for these physical quenching and H-bonding phenomena. A new
mechanism outlined here points to a phenol H-bond assistance in converting a sidechain prenyl
group to dihydrofuran. DFT results provide support for a mechanism of attack of phenol OH, with

'0: as a key step leading to the dihydrofuran product.
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Conclusion

While interfacial selectivity of 'Oz has been studied for years, it is not as well-appreciated
with 'Oz as an airborne species reacting at an air-solid interface. We observed an increase in
product formation on the hydrophobic nanoparticles compared to the hydrophilic nanoparticles.
This product formation is in line with the ASI-kr values of airborne 'Oz reacting with Pr on
hydrophobic nanoparticles and hydrophilic loaded which was increased in the former. While the
present particle system is static, studies of turbulent flow over the nanoparticles to potentially
increase '02 would be worthwhile for future studies. The air-solid interface is probed by the new
SIM method via direct phosphorescence measurements providing mechanistic insight to the
interaction of 'Oz not only by the surface, but also in quenching of Pr on the surface. The SIM
method is a novel technology to help to dissect information on partial surface association of 'Oz
as a “transitional” gaseous-to-surface species. The SIM method can distinguish gaseous and
surface-adhered 'Oz, as state-of-the-art to fill a gap in the current knowledge of reactive species at
interfaces. With the SIM analysis, mechanistic questions can now be answered at the junction of
the '02’s existence. What has yet to be explored are more potent quenchers than Pr residing on
particles to reach below 0 = 91° to the theoretical limit of 90°. Studies of higher surface 'O2
quenching of polyenes than O—H solvent would support this notion.’” The work also reveals—for
the first time-an iso-hydroperoxide intermediate and that it relates to Pr selectivity in 'O
chemistry. A diminished 6 would also be expected of airborne 'O: at a water interface. With the
use of eq 2-5, data from an 'Oz air/water bubbling system>® suggest 0 in the high ninety degrees,
but this type of air/water 6 analysis remains to be fully examined. Future experiments could take

advantage of the SIM method at the air/water interface given wide interests in the area.> ¢! SIM
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analyses would enable an important photochemistry process in interfacial chemistry, including

hydrophobic waste compounds/plastics residing on ocean surfaces.

Supporting Information is available, which includes NMR spectra of products desorbed from
the reaction of airborne 'Oz with Pr on nanoparticles (Figures S1-S4), IR data collected on the
hydrophobic nanoparticles (Figure S5), use of an alternate slope intersection method (Figure S6),
phosphorescence spectra of 'O2 under different conditions (Figure S7), details pertaining to
molecule-to-molecule distance calculations, percent of surface area covered, supporting equations

S1-S3, supporting Table S1, and descriptions of energies and geometries of stationary points.
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