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Abstract

Cyclopentoxide c-C5H9O
� undergoes photodetachment to stable cyclopentoxy or the ring-opened 5-oxo-pentan-1-yl

radical and dissociative photodetachment, yielding C3H5O and C2H4 photofragments, at both 532 and 355 nm. The

adiabatic electron affinity of c-C5H9O
� is estimated from the experimental results and ab intio calculations to be

1:5� 0:1 eV. The results show that c-C5H9O
� is stable relative to dissociation into C3H5O

� and C2H4 by

1:23� 0:07 eV, whereas c-C5H9O is unstable relative to C3H5O and C2H4 by �0:12� 0:12 eV. These results are dis-

cussed in terms of the factors affecting the stability of cyclic alkoxides and the corresponding alkoxy radicals.

� 2002 Elsevier Science B.V. All rights reserved.

1. Introduction

The importance of alkoxy radicals in atmos-
pheric chemistry is well established. These species

participate as intermediates in the formation of

tropospheric ozone and it is known that they may

undergo unimolecular dissociation to produce

other reactive species [1]. Identifying trends in the

dependence of the energetics and dynamics of

alkoxy species on the type and size of the alkyl

moiety assists in understanding their reactivity.
Many theoretical and experimental studies have

been devoted to the electronic structures of small

cycloalkane species, since the bond angles, bond

lengths and torsional angles in these molecules

deviate from the optimal values [2–13]. Parsing the

competing forces in strained molecules is a com-
plex problem. The high angle strain (60� bond

angles) in cyclopropane is mitigated by the con-

figuration of the bonding orbitals, which are

hybridized like the bonds in unsaturated hydro-

carbons (sp2) and do not lie along the bond angles

[2,3,5,7–11]. Although the angle strain in non-

planar cyclobutane is reduced, the torsional strain

is higher and the ring bonding orbitals do not
overlap as well as in cyclopropane [4,6,9,10,14].

Due to these and other contributing factors, the

overall ring strain energies of the two smallest

cycloalkanes are similar [4,12,14]. In contrast, the

ring strain in cyclopentane is drastically reduced

[4,12,14]. The bond angles are nearly tetrahedral,

obviating the need for the unusual bonding
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configuration observed in cyclopropane [15]. De-

spite ring puckering [15,16], torsional strain re-

mains since the CH bonds are not totally eclipsed

[4,14]. Substituting an oxygen atom for one of the

hydrogens in a cycloalkane ring puts the oxygen

lone pairs in close proximity to the ring orbitals.
Photodetachment studies of cyclic alkoxides pro-

vide a way to probe the interaction between the

oxygen and the cycloalkyl moiety.

The strain in small cycloalkyl moieties strongly

affects the photodetachment processes of the cyclic

alkoxy species studied previously in this labora-

tory [17]. In these studies, cyclopropoxide and

cyclobutoxide were photodetached at 532 nm. The
ground state of the cyclopropoxy radical has stable

and dissociative components, while the first excited

state is completely dissociative. These results

showed that photodetachment from the a00 O r2p

orbital in cyclopropoxide produces a more stable

electronic configuration than photodetachment

from the a0 O r2p orbital. The ground state of the

cyclobutoxy radical is completely dissociative,
suggesting that the interaction between the O r2p

orbitals with the orbitals in the cycloalkyl moiety

does not stabilize the cyclobutoxy radical [17].

In the current study, photodetachment of cy-

clopentoxide at 532 and 355 nm to the stable

neutral radical and dissociative photodetachment

(DPD) to 3-oxopropan-1-yl and ethylene was ob-

served. Ab initio calculations on cyclopentoxide
and 3-oxopropan-1-ide and the corresponding

radicals aided in the determination of the dissoci-

ation energetics. The dissociation energies of cy-

clopentoxide and cyclopentoxy radical and the

adiabatic electron affinity of cyclopentoxy radical

constitute the first reported spectroscopic and

thermodynamic data for cyclopentoxide.

2. Experiments

The fast-ion-beam photoelectron–photofrag-

ment coincidence spectrometer used in these ex-

periments is only briefly reviewed here [18]. A

space-focusing detection assembly [19] permits

imaging of the photoelectrons in coincidence with
the photofragments as in the cyclopropoxide and

cyclobutoxide photodetachment experiments [17].

The energy and angular distributions of the pho-

toelectrons are obtained from the position and

time information.

Spectro-grade cyclopentanol (Acros, 99+%)

seeded in a 10% mixture of N2O in Ar produced

anions in a pulsed discharge ion source. The an-
ions were accelerated to 3 keV and the mass-

selected beam at m=e 85 was intersected by the

linearly polarized second (532 nm, 2.33 eV) or

third (355 nm, 3.49 eV) harmonic of a Nd:YAG

laser. The photodetached electrons are extracted in

a 1.5 V/mm field toward a time- and position-

sensitive detector [17]. The x- and y-velocity

components of the photoelectron in the center-of-
mass frame are determined relative to the center of

the two-dimensional image. The limiting factor in

the energy resolution is the z-velocity component,

which is determined by the nominal photoelectron

time-of-flight (TOF) of a few ns. The laser pulse

width and uncertainties in measuring the TOF

dominate the resolution, as do effects from the

deflection of the incoming ion beam by the ex-
traction field. The electron kinetic energy (eKE) in

the CM frame is calculated from the three-

dimensional recoil velocity. Calibration with O�

shows that the overall energy resolution is

DE=E � 12%. Examining photoelectrons with

minimal z-velocity components yields higher res-

olution, DE=E � 8%. Photoelectron spectra for

cyclopentoxide were recorded in coincidence with
m=e 85 photofragments and with C3H5Oþ C2H4

photofragments.

The photofragments from DPD events were

detected by the photofragment translational

spectrometer. The fragments recoil out of the

beam over a 96 cm flight path and impinge upon

a time- and position-sensitive detector after

clearing a 7 mm wide horizontal beam stop. An
electrostatic deflector removes residual anions

from the beam. Conservation of linear momen-

tum between photofragment pairs permits the

determination of fragment masses and confirms

that both fragments originated from the same

dissociation event. The product masses cannot be

assigned from the mass spectrum alone since

resolution is limited to m=Dm < 15 [20]. The cy-
clopentoxy radical structure and the energetics of

potential dissociation pathways are considered.
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Like the dissociation of cyclopropoxy and cyclo-

butoxy, the dissociation of cyclopentoxy into

3-oxopropan-1-yl radical and ethylene involves

simple C–C bond fission and the formation of a

stable, unsaturated hydrocarbon and is expected

to be favored over pathways involving bond re-
arrangements. The center-of-mass translational

energy release, ET, is calculated after the product

masses are assigned. Contributions from false

coincidences are estimated at �5% [21].

3. Calculations

Ab initio calculations were carried out with the

GAUSSIANAUSSIAN 98 program suite [22] on the Cray PVP

cluster at the National Energy Research Scientific

Computing Center (NERSC). Single reference ge-
ometry optimizations and normal mode analyses

were performed at the MP2 [23] level of theory on

the ground states of cyclopentoxide, cyclopentoxy

radical, 5-oxopentan-1-ide, 3-oxopropan-1-ide and

3-oxopropan-1-yl radical. The Pople valence tri-

ple-f basis set [24] including diffuse and polariza-

tion functions on the heavy atoms (6-311+G�) was

used, to maintain consistency with the calculations
performed previously on cyclopropoxide and

cyclopropoxy radical. The diffuse functions are

required to accurately compute the absolute en-

ergy of the anionic species. Since the perturbative

energies are not bound by the exact solution to

the wavefunction, the energetics were computed

at the optimized MP2 geometries with single

point QCISD calculations [25] and are reported in
Table 1.

Fig. 1. Photoelectron images from cyclopentoxide photode-

tachment. Images of electrons detected in coincidence (a) with

one neutral fragment, stable or dissociative, and (b) with two

dissociative fragments. The laser polarization is perpendicular

to the photoelectron detector face in (a). Since the angular

distribution is isotropic, both parallel and perpendicular po-

larizations are included in (b).

Table 1

Relative energies (in eV) for participating species in cyclic alkoxide photodetachment, calculated with the 6-311+G� basis

HF MP2 QCISD Exp

AEA (c-C3H5O) )0.26a 1.29a 1.03a 1:424� 0:006b

T0 (c-C3H5O) 0.23a 0.55a 0.43a 0:741� 0:002b

AEA (c-C4H7O) 1:7� 0:1a

AEA (c-C5H9O) )0.17 1.74 1.38 1:5� 0:1

AEA (3-oxopropan-1-yl) )1.17 0.33 0.15 –

DE (c-C5H9O
�-5-oxopentan-1-ide) 1.42 1.65 1.60 –

aRef. [17].
bRef. [31].
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4. Results

Cyclopentoxide undergoes photodetachment to

both stable and dissociative products at both 532

and 355 nm. The 532 nm spectra are reported here,
as no new features were observed at 355 nm. In

Fig. 1a, an image of photoelectrons from all

photodetachment events was obtained by remov-

ing the beam block and requiring coincidence with

one neutral photofragment. Fig. 1b shows an im-

age of photoelectrons from dissociative photode-

tachment events only, obtained by requiring

coincidence of the photoelectron with two mo-
mentum-matched neutral photofragments. Disso-

ciation events account for less than 10% of the

total, according to the ratio of intensities in the

time-of-flight signal on the photofragment detec-

tor. The photoelectron angular distributions were

nearly isotropic, as evidenced by the similarity of

images taken at parallel and perpendicular polar-

izations of the electric vector to the detector face

and the energy-dependent anisotropy parameter,

bðeKEÞ 	 0.

The three photoelectron spectra of cyclopent-

oxide in Fig. 2 permit a comparison of the features

depending on the types of photodetachment

events. In Fig. 2a, the spectrum was recorded in
coincidence with one photofragment. Fig. 2b was

recorded in coincidence with either stable cyclo-

pentoxy or ring-opened 5-oxo-pentan-1-yl radi-

cals, identified as single photofragments impinging

on the heavy particle detector at the beam velocity.

Fig. 2c was recorded in coincidence with two dis-

sociative photofragments only.

The contour map in Fig. 3 contains the pho-
toelectron–photofragment kinetic energy correla-

tion spectrum, NðET; eKEÞ, of cyclopentoxide.

Since the kinetic energies of the photoelectrons

and photofragments from each dissociation event

are recorded in coincidence, the plot shows how

the available energy is partitioned during the dis-

sociation process. The photoelectron spectrum,

NðeKEÞ, and the photofragment translational en-
ergy spectrum, NðETÞ, are displayed on the x and y

Fig. 2. Photoelectron spectra from cyclopentoxide photode-

tachment in coincidence (a) with one neutral fragment, stable or

dissociative, (b) with cyclopropoxy and (c) with two dissociative

fragments. The dashed curve in (c) shows the photoelectrons

with minimal z-velocity components. The ZEKE peak is

marked with an asterisk.

Fig. 3. Photoelectron–photofragment kinetic energy correla-

tion spectra ðNðET; eKEÞÞ of cyclopentoxide. The photoelectron

spectrum ðNðeKEÞÞ and the photofragment translational en-

ergy spectrum ðNðETÞÞ are shown on the x- and y-axes, re-

spectively. Integration of the correlation spectrum over the

conjugate variable yields the one-dimensional spectra.
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axes, respectively. The NðETÞ distribution peaks at

0:20� 0:05 eV.

5. Discussion

5.1. Photoelectron spectra and images

In the cyclopentoxide spectra and images taken

at 532 nm, there are two distinct energetic features.

One is the broad feature corresponding to photo-

detachment to both stable and dissociative prod-

ucts in the range of eKEs between 0.1 and 0.9 eV.

The other feature, between 0 and 0.1 eV, produces
a bright spot at the center of the photoelectron

images and a sharp peak in the photoelectron

spectrum taken in coincidence with dissociative

photofragments. In Fig. 2b the stable photoelec-

tron spectrum peaks at eKE¼ 0.38 eV, corre-

sponding to a vertical detachment energy (VDE)

of 1.95 eV. In Fig. 2c, for dissociative products

only, the VDE shifts to 2.05 eV, indicating that
larger internal excitation in the stable radicals

leads to increased dissociation. The lack of reso-

lution in the spectrum precludes accurate assign-

ment of the AEA, however, the adiabatic electron

affinity (AEA) of 1:5� 0:1 eV is estimated from

the broad feature at higher eKEs. The consistency

of this value with the ab initio energetics obtained

from MP2 and QCISD calculations for cyclo-
pentoxide and the ground state of cyclopentoxy

radical (Table 1) provides support for the estima-

tion. The ZEKE peak, marked with an asterisk in

Fig. 2c, cannot be unambiguously assigned. The

feature may arise from a vibrational transition in

the ground state or the first excited state of the

cyclopentoxy radical.

5.2. NðET ; eKEÞ correlation spectrum and energetics

In Fig. 3, the dissociative photodetachment

events are constrained by conservation of energy

to lie within the triangle formed by the x and y

axes and the maximum available kinetic energy,

KEMAX. This yields an accurate measure of the

energy required for dissociative photodetachment
with the assumption that the anion vibrational

temperature is 	0 K after being cooled by the

supersonic expansion and that some of the disso-

ciated fragments are formed with no internal ex-

citation. Contributions from hot bands and the

presence of minor isomeric forms of the anion

cannot be ruled out owing to the lack of vibra-

tional resolution. In addition, significant internal
energy is expected in the polyatomic products.

With these caveats in mind, the diagonal line along

the 5% contour provides our best value for

KEMAX ¼ 0:95� 0:07 eV. The NðETÞ distribution

in the dissociation of cyclopentoxy radical peaks

lower than in cyclopropoxy and cyclobutoxy at

0:20� 0:05 eV. This could be due to smaller re-

pulsion between the neutral fragments or greater
partitioning of the available energy to internal

degrees of freedom.

In our previous study of cyclopropoxy and cy-

clobutoxy, the photon energy, KEMAX, and AEAs

of the cyclic alkoxy and product radicals were used

to determine the dissociation energies of the cyclic

alkoxide and alkoxy radical with respect to the

dissociated products [17]. In the case of cyclo-
pentoxy, the AEA of the dissociation product,

3-oxopropan-1-yl, has not previously been mea-

sured. This is required to determine the dissocia-

tion energy of the anion from the dissociative

photodetachment data. Geometry optimizations

and normal mode analyses were performed on

both the 3-oxopropan-1-ide anion and 3-oxopro-

pan-1-yl radical. The resulting absolute energies
corrected by zero point energies were used to cal-

culate the AEA. Since 3-oxopropan-1-yl is the

ring-opened form of cyclopropoxy, the small val-

ues of the calculated AEAs in Table 1 are sup-

ported by the assignment of the broad feature at

high eKE in our previous study of the stable

cyclopropoxide photoelectron spectrum to photo-

detachment from the ring-opened carbanion,
3-oxopropan-1-ide [17]. The resulting energetics,

summarized in Fig. 4, show that dissociation of

cyclopentoxide into 3-oxopropan-1-ide and ethyl-

ene is strongly thermodynamically unfavorable.

The ab initio results for the AEA of 3-oxopropan-

1-yl yields dissociation energies, D0ðc-C5H9O
�Þ, of

1:05� 0:07 eV using the MP2 value and

1:23� 0:07 eV using the QCISD value.
The dissociation energy of the cyclopentoxy

radical determined directly from the experimental
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values, D0ðc-C5H9OÞ ¼ �0:12� 0:12 eV, shows

that the radical is slightly thermodynamically

unstable relative to dissociation products 3-oxo-
propan-1-yl and ethylene. This cannot be com-

pared to literature values, as there have been no

direct measurements of the heat of formation of

the cyclopentoxy and 3-oxo-propan-1-yl radicals.

An estimation of these quantities from the heats of

formation of cyclopentanol, 1 propanal [26], the

hydrogen atom 1 and typical RO–H and C–H

bond energies in alcohols [27] and aldehydes [28],
however, indicates that the dissociation is expected

to be 0.4–0.6 eV endothermic. This discrepancy

requires further experimental and theoretical in-

vestigation, with particular focus on verifying the

energetics of these radicals and ruling out the

presence of isomeric anions in this experiment.

Kinetic studies of cyclopentoxy radicals found

that ring-opening is the dominant initial decom-
position step under atmospheric conditions with a

low barrier to ring-opening (<0.45 eV) [29]. Houk

and co-workers [30] have calculated that the ring-

opened 5-oxopentan-1-yl radical is 0.19 eV more

stable than the cyclopentoxy radical. These results

are consistent with the energetic shift observed

between the stable and dissociative photoelectron

spectra, although our results suggest that the

radicals produced by photodetachment can disso-

ciate from all levels of the ground state. Fig. 5

shows the possible dissociation mechanisms of the

cyclopentoxy radical. Fig. 5a illustrates the step-

wise dissociation discussed above. After ring
opening, the 5-oxopentan-1-yl radical undergoes

2,3 C–C bond fission to produce ethylene (C2H4,

m=z ¼ 28) and the 3-oxo-propan-1-yl radical

(OCHCH2CH2, m=z ¼ 57). The two alternative

mechanisms illustrated in Fig. 5b, c result from a

1,5 hydrogen transfer in the 5-oxopentan-1-yl

radical, yielding the 1-oxopentan-1-yl radical.

Fission of the 2,3 C–C bond in 1-oxopentan-1-yl
(Fig. 5b) produces ketene (H2CCO, m=z ¼ 43) and

the n-propyl radical (CH2CH2CH3, m=z ¼ 42).

This pathway can be discounted since the photo-

fragment mass distribution indicates m=z ¼ 57 and

m=z ¼ 28 products. Fission of the 3,4 C–C bond

in 1-oxopentan-1-yl (Fig. 5c) yields a diradical,

1-oxopropan-1,3-yl, (OCCH2CH2, m=z ¼ 56) and

ethyl radical (CH2CH3, m=z ¼ 29). The experi-
mental mass resolution does not permit elimina-

tion of this pathway by the fragment masses.

However, the production of diradical and radical

fragments is not expected to be energetically fa-

vorable. A hydrogen bond shift in the diradical

would yield the stable product propenal

(OCHCHCH2), but this is yet another bond rear-

rangement. In contrast to these mechanisms, the
dissociation mechanism shown in Fig. 5a yields

stable products that have the correct mass ratio.

5.3. Comparison of cyclic alkoxy species

Notably absent from the images and the stable

photoelectron spectrum of cyclopentoxide is a

broad, low intensity feature at high eKE. This
feature was observed in the cyclopropoxide data

and was attributed to photodetachment from the

isomeric ring-opened carbanion form of the cyclic

species. According to the ab initio results (Table

1), cyclopentoxide is considerably more stable than

the ring-opened carbanion, 5-oxopentan-1-ide.

In contrast, calculations on cyclopropoxide and

3-oxopropan-1-ide showed those species to be
comparable in energy. It is likely that photode-

tachment from 5-oxopentan-1-ide does not occur1 NIST Chemistry WebBook, http://webbook.nist.gov/, 2002.

Fig. 4. Potential energy diagram, with energies in eV, for the

species involved in cyclopentoxide photodetachment. Energy

differences are from Table 1 and discussed in the text.
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and photodetachment from cyclopentoxide alone

was observed in this study.
The photoelectron spectra of cyclopentoxide

obtained at a photon energy of 3.49 eV did not

show additional features. If the transition to the

first excited state had not already occurred, the

separation between the ground and first excited

states would be greater than 2 eV. The HOMO

and the HOMO� 1 of cyclopentoxide are the

doubly occupied a00 and a0 oxygen lone pair r2p

orbitals. Photodetachment from these two orbitals

in many alkoxide species generally produces elec-

tronic configurations in the alkoxy radicals with

small separation energies, less than or around

1000 cm�1 [27]. Interaction with other orbitals in

the molecule can stabilize one configuration with

respect to the other, increasing the separation en-

ergy, as in cyclopropoxy where T0 ¼ 0:741 eV. In
cyclopropoxy, the dramatic energy difference be-

tween electronic configurations is attributed to the

conjugation of the oxygen lone pair r2p orbitals

with the sp2 hybridized ring orbitals. These mo-
lecular orbital interactions are not expected in

cyclopentoxy since the ring bonding orbitals in

cyclopentyl lie along the bond direction and are

sp3 hybridized. Such molecular orbital interactions

would not provide more than 2 eV of stabilization

to either electronic configuration resulting from

photodetachment from the HOMO or HOMO� 1

of cyclopentoxide. Thus, it is probable that the
transition to the first excited state of cyclopentoxy

occurs but was not resolved in these spectra.

6. Conclusion

The stable and dissociative photodetachment

processes of cyclopentoxide were studied at 532
and 355 nm. The dissociation energies of cyclo-

pentoxide and cyclopentoxy radical were deter-

Fig. 5. Mechanisms for the unimolecular decomposition of the cyclopentoxy radical. Scheme (a) shows the dissociation into ethyl-

ene+ 3-oxo-propan-1-yl proposed in the text. Schemes (b) and (c) are potential pathways involving 1,5 H transfer in the ring-opened 5-

oxo-pentan-1-yl radical (2).
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mined from the experimental and theoretical re-

sults. The alleviation of ring strain in the cyclo-

pentyl moiety results in photodetachment and

dissociation processes that are not dominated by

electronic structure considerations as they are in

the cyclopropoxy and cyclobutoxy radicals. Fu-
ture threshold photodetachment studies should

yield high resolution photodetachment spectra,

providing more detailed information on the ener-

getics of these interesting radicals.
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