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Photoelectron	spectroscopic	study	of	I−·ICF3:	A	frontside	attack	
SN2	pre-reaction	complex	
Golda	Mensa-Bonsu,a	David	J.	Tozera	and	Jan	R.	R.	Verlet†a	

Photodetachment	 and	 2D	 photoelectron	 spectra	 of	 the	 mass-selected	 I–·CF3I	 complex	 are	 presented	 together	 with	
electronic	structure	calculations.	Calculations	show	that	the	I–	 is	 located	at	the	iodine	side	of	CF3I.	Vertical	and	adiabatic	
detachment	 energies	 were	 measured	 at	 4.03	 and	 approximately	 3.8	 eV,	 respectively.	 The	 photoelectron	 spectra	 and	
molecular	orbitals	show	a	significant	covalent	bonding	character	in	the	cluster.	The	presence	of	electronic	excited	states	is	
observed.	 Below	 threshold,	 iodide	 is	 generated	 which	 can	 be	 assigned	 to	 the	 photoexcitation	 of	 degenerate	 charge-
transfer	bands	from	the	off-axis	p-orbitals	localised	on	iodide.	Near	the	onset	of	two	spin-orbit	thresholds,	bright	excited	
states	 are	 seen	 in	 the	 experiment	 and	 calculations.	 Excitation	 of	 these	 leads	 to	 the	 formation	 of	 slow	 electrons.	 The	
spectroscopy	of	I–·CF3I	is	compared	to	the	well-studied	I–·CH3I	cluster,	a	pre-reaction	complex	in	the	text-book	I–	+	CH3I	SN2	
reaction.	Despite	the	reversed	stereodynamics	(i.e.	inversion	of	the	CX3	between	X	=	H	and	F)	of	the	SN2	reaction,	striking	
similarities	 are	 seen.	 Both	 complexes	 possess	 charge	 transfer	 excited	 states	 near	 their	 respective	 vertical	 detachment	
energies	 and	 exhibit	 vibrational	 structure	 in	 their	 photoelectron	 spectra.	 The	 strong	 binding	 is	 consistent	 with	
observations	in	crossed	molecular	beam	studies	and	molecular	dynamics	simulations	that	suggest	that	iodine	as	a	leaving	
group	in	an	SN2	reaction	affects	the	reaction	dynamics.	

Introduction	
Bimolecular	 nucleophilic	 substitution	 (SN2)	 reactions	

represent	a	cornerstone	of	reactivity	 in	organic	chemistry.1	 In	
its	simplest	form,	the	reaction	X–	+	CH3Y	→	XCH3	+	Y

–	involves	
the	text-book	[X···CH3···Y]

–	activated	complex,	where	X–	attacks	
CH3Y	 from	 the	 backside.	 The	 stereodynamics	 of	 the	 reaction	
are	 expected	 from	 the	 long-range	 charge-dipole	 moment	
interaction	between	X–	and	CH3Y.	While	in	the	solution	phase,	
this	long-range	interaction	is	screened,	the	isolated	view	of	the	
reaction	remains	mostly	valid.2–4	As	a	 result,	 there	have	been	
many	studies	of	SN2	reaction	dynamics	in	the	gas-phase,	which	
have	provided	exquisite	 insight	 into	 the	 reaction	mechanisms	
over	 many	 years.5–8	 While	 the	 indirect,	 backside	 attack	
mechanism	 has	 been	 researched	 in-depth,	 contemporary	
experimental	 and	 computational	 studies	 have	 explored	
alternative	mechanistic	 pathways	 of	 the	 SN2	 reaction.

9–12	 For	
example,	recent	crossed	molecular	beam	studies	and	atomistic	
molecular	 dynamics	 simulations	 have	 shown	 how	 the	
dynamics	 of	 the	 reaction	 are	 sensitive	 to	 the	 leaving	 group,	
with	 differing	 mechanisms	 contributing	 when	 Y	 is	 changed.9	
Additionally,	 photoelectron	 (PE)	 spectroscopy	 of	 the	 pre-
reaction	 complex,	 X–···CH3Y,	 can	 provide	 much	 insight	 about	
the	 entrance	 channel	 of	 the	 reaction,	 which	 often	 plays	 a	
deterministic	 role	 in	 the	 reaction.13,14	 However,	 in	 PE	

spectroscopy	experiments,	 it	has	not	been	possible	to	control	
the	 stereodynamics	 of	 the	 pre-reaction	 complex	 and,	 hence,	
only	the	backside	attack	(direct	rebound)	mechanism	has	been	
probed.	In	the	present	study,	we	make	a	chemical	substitution	
of	the	methyl	H-atoms	to	F-atoms.	As	the	H	atoms	are	mostly	
indirectly	 involved	 in	 the	 SN2	 reaction,	 the	 main	 reaction	
coordinate	along	the	X−C−Y	bond	is	preserved.1	However,	this	
chemical	 substitution	 reverses	 the	 stereodynamics	 of	 the	
reactions	and	allows	us	to	perform	PE	spectroscopy	of	the	pre-
reaction	 complex	 for	 the	 frontside	 attack	 (along	 the	 X−Y−C	
coordinate).	

The	gas-phase	SN2	reaction	has	been	studied	extensively	by	
the	 groups	 of	 Wester	 and	 Hase;8,10,15–17	 they	 have	 recently	
observed	that	the	replacement	of	the	leaving	group	Y	from	Cl	
to	 I	 in	the	SN2	reaction,	F

– + CH3Y,	has	dramatic	effects	on	the	
reaction	 dynamics.9	 Specifically,	 for	 Y	 =	 Cl,	 the	 dominant	
reaction	mechanism	 is	 the	 classic	 direct	 rebound	mechanism	
(at	energies	>	0.6	eV).9,18–20	In	contrast,	a	significant	fraction	of	
reactions	for	the	Y	=	I	reaction	could	be	attributed	to	a	direct	
stripping	 mechanism,	 especially	 at	 high	 impact	 parameters,	
where	 the	 F–	 attacks	 the	 CH3	 and	 leads	 to	 the	 product	 ion	
leaving	along	the	 initial	direction	of	the	CH3Y	reactant.

9	Given	
that	the	permanent	dipole	moments	of	CH3Cl	and	CH3I	are	not	
that	different	 (μ	 =	1.90	D	and	μ	 =	1.64	D,	 respectively21),	 the	
change	 in	 dynamical	 orientation	 of	 CH3I	 was	 assigned	 to	 a	
stronger	interaction	between	the	two	halogen	atoms	in	the	Y	=	
I	 reaction	 (the	 F−···ICH3	 complex	 is	 bound	 by	 0.97	 eV,	 while	
F−···ClCH3	is	bound	by	only	0.14	eV).

9	This	stronger	interaction	
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changes	 the	 orientation	 at	 short	 range	 leading	 to	 differing	
reaction	dynamics.		

The	 most	 studied	 pre-reaction	 SN2	 complex	 using	 PE	
spectroscopy	has	been	 I–···CH3I.

13,22–30	Cyr	et	al.	employed	PE,	
photodetachment	 and	 photofragment	 spectroscopy	 to	
characterise	 the	 electronic	 excited	 states	 of	 I–···CH3I,	 which	
provided	 evidence	 of	 an	 intra-cluster	 charge	 transfer	 state	
with	 I–	 and	 CH3I	 as	 the	 respective	 donor	 and	 acceptor	
species.22,23,25	Although	their	 studies	did	not	 indicate	 that	 the	
SN2	reaction	could	be	photoinitiated,	the	knowledge	gained	of	
the	 I–···CH3I	 complex	 establishes	 this	 system	 as	 an	 ideal	 test-
case	to	make	the	H	to	F	substitution	and	to	provide	insight	into	
the	 above-mentioned	 molecular	 beam	 and	 molecular	
dynamics	 simulation	 studies.	 We	 show	 that,	 despite	 the	
reversed	stereochemistry,	 similarly	strong	photoabsorption	at	
threshold	is	observed	for	I–···CH3I	and	I

–···ICF3	and	many	of	the	
spectral	features	are	common	to	both	systems.	

It	 is	 also	 noteworthy	 that	 I–···ICF3	 is	 potentially	 an	
important	 species	 in	 plasma	 chemistry.	 Industrially,	 plasma	
etching	 is	 widely	 used	 to	 fabricate	 the	 fine	 structural	
components	of	microelectronic	devices.31,32	While	 cations	are	
primarily	 considered	 in	 plasmas,	 anions	 are	 also	 present	 and	
contribute	 to	 the	 chemical	 cocktail.33	 The	 most	 common	
process	 gases	 for	 plasma	 etching	 include	 CF4	 and	 CF3H.

32,34	
However,	 these	 are	 long-lived	 global	 warming	 gases	
necessitating	 their	 reduced	usage.35	Alternatives	 such	as	CF3I,	
which	has	a	 relatively	 low	global-warming	potential,36–39	have	
been	 shown	 to	 have	 similar	 etching	 rates	 to	 standard	
mixtures.36,40	 	 However,	 much	 less	 is	 known	 about	 the	
composition	 of	 these	 plasmas.41	 Dissociative	 electron	
attachment	to	CF3I	forms	I–	in	high	yield,42	which	may	go	on	to	
complex	to	the	abundant	CF3I	process	gas	to	form	species	such	
as	 I–···ICF3.	 Hence,	 these	 species	 may	 be	 common	 chemical	
species	 in	 the	 plasma	 mix,	 but	 have	 yet	 to	 be	 studied.	 The	
present	work	 shows	 that	 I–···ICF3	 has	 a	 large	 electron	 affinity	
and	is	strongly	bound	suggesting	that	such	species	may	indeed	
play	a	role	in	plasma	chemistry.	

Experimental	&	Computational	Details	
A	 detailed	 description	 of	 the	 experimental	 setup	 will	 be	

presented	elsewhere	and	only	a	brief	overview	 is	 given	here.	
To	 generate	 I–···ICF3,	 a	 CF3I/Ar	 mix	 was	 expanded	 through	 a	
pulsed	 Even-Lavie	 valve	 into	 vacuum.43	 The	 molecular	 beam	
expansion	was	intersected	by	an	electron	beam	(300	eV)	near	
the	 throat	 of	 the	 expansion,	 generating	 an	 electron	 rich	
plasma	 in	 the	high	molecular	 density	 region.	 The	 subsequent	
expansion	and	associated	cooling	provides	a	 snap-shot	of	 the	
species	formed	in	the	plasma.44	Anions	are	extracted	from	the	
molecular	 beam	 using	 a	 linear	 Wiley-Mclaren	 time	 of	 flight	
spectrometer.45	 This	 showed	 that	 the	 dominant	 species	
formed	were	I–	(which	is	to	be	expected	from	the	dissociative	
electron	 attachment	 to	 CF3I)	 together	 with	 I

–···ICF3,	 formed	
presumably	 by	 the	 condensation	of	 a	 CF3I	 onto	 I

–	 because	of	
the	 long-range	 charge-dipole	 interaction.	 We	 also	 observed	
larger	 clusters	 with	 chemical	 formula	 I–(CF3I)n.	 The	 mass-
selected	I–···ICF3	was	crossed	by	nanosecond	laser	pulses	from	

a	Nd:YAG	(3rd	harmonic)	pumped	optical	parametric	oscillator	
at	 the	 focus	of	 the	mass-spectrometer.	The	ejected	PEs	were	
accelerated	 perpendicular	 to	 the	 ion	 and	 laser	 beam	 axes	
towards	 a	 position-sensitive	 detector	 in	 a	 velocity-map	
imaging	spectrometer.46,47	The	focus	of	the	mass-spectrometer	
was	tuned	to	coincide	with	the	laser/ion	interaction	point.	The	
PE	spectra	were	reconstructed	from	the	raw	images	using	the	
polar	 onion-peeling	 algorithm.48	 The	 electron	 kinetic	 energy	
(eKE)	scale	was	calibrated	to	the	known	PE	spectrum	of	I–.	The	
PE	spectrometer	had	a	resolution	of	∆eKE/eKE	<	3%.	

	 Density	 functional	 theory	 (DFT)49	 and	 time-dependent	
DFT	 (TDDFT)50	 calculations	 were	 performed	 to	 provide	 a	
qualitative	 interpretation	 of	 the	 experimental	 results	 and	 a	
basic	understanding	of	the	electronic	structure	of	I–···ICF3.	For	
comparative	 purposes,	 calculations	 were	 also	 performed	 on				
I–···CH3I.	 It	 is	 well	 known	 that	 many	 approximate	 exchange-
correlation	functionals	suffer	from	formal	problems	for	anions	
(namely	positive	highest	occupied	molecular	orbital	energies),	
but	 this	 can	be	unproblematic	 in	practical	 calculations.51–56	 In	
the	 present	 study,	 all	 reported	 theoretical	 results	 were	
determined	 using	 the	 CAM-B3LYP	 range-separated	 exchange-
correlation	 functional,57	 for	which	 these	 formal	 problems	 are	
largely	 overcome.58	 This	 functional	 also	 contains	 the	 relevant	
physics	 for	 describing	 long-range	 and	 charge-transfer	
excitations,	which	are	relevant	to	the	systems	considered.59		A	
further	difficulty	with	describing	excited	states	of	anions	is	that	
many	may	be	resonances,	meaning	they	must	be	distinguished	
from	discretized	continuum	states.	We	used	a	standard,	basis	
function	 exponent-scaling	 stabilisation	 approach60	 to	 ensure	
that	the	excited	states	reported	are	appropriate.	

The	6-311++G**	basis	set	was	used	on	C,	F,	and	H	atoms,61–
63	 while	 LANL2DZdp	 was	 employed	 in	 calculations	 for	 the	 I	
atoms.64–66	The	calculated	ground	state	optimised	geometries	
were	verified	to	be	minima	by	vibrational	analysis	and	TDDFT	
calculations	were	performed	at	the	optimised	geometries.	We	
note	 that	 our	 calculations	 do	 not	 include	 spin-orbit	
interactions.	 For	 iodine,	 this	 is	 of	 course	 a	major	 omission	 –	
the	 iodine	spin-orbit	splitting	 in	the	two	2PJ	states	of	 iodine	 is	
0.94	eV	–	and	this	is	not	quantitatively	reflected	in	the	present	
calculations.	 Nevertheless,	 the	 calculations	 provide	 a	 useful	
qualitative	 basis	 to	 assist	 the	 interpretation	 of	 the	
experimental	 results.	 The	 Gaussian	 G09	 package	 has	 been	
used	throughout.67		

Results	 	
To	 determine	 the	 ground	 state	 geometries,	 optimisations	

were	 performed	 commencing	 from	 frontside	 and	 backside	
(regular	 SN2)	 conformations.	 The	 lowest	 energy	 structure	 of				
I–···ICF3	has	C3v	symmetry,	with	I−I	and	I−C	bond	lengths	of	3.33	
and	2.18	Å,	respectively	(see	Figure	1).	In	contrast	to	I–···CH3I,	
the	perfluorinated	I–···ICF3	has	the	I

–	residing	on	the	side	of	the	
iodine,	 i.e.	 frontside	 attack.	 We	 have	 verified	 that	 this	
frontside	 structure	 is	 also	 obtained	 when	 a	 D3	 dispersion68	
correction	is	introduced	or	when	MP2	is	used.69	The	change	in	
orientation	 of	 CX3I	 between	 X	 =	 H	 and	 F	 correlates	 with	 the	
reversal	in	permanent	dipole	moment	between	CH3I	and	CF3I.		
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Figure	1:	Calculated	ground	state	structure	of	I–···ICF3.	Bond	distances	are	shown	
in	Angstroms.	

The	electropositive	H	atoms	lead	to	a	dipole	moment	μ	=	1.78	
D	 in	 the	 direction	 of	 the	 I−C	 bond,70	 while	 the	 strongly	
electronegative	F	atoms	lead	to	a	dipole	moment	μ	=	1.28	D	in	
the	antiparallel	direction.71	The	dipole	moment	vector	reversal	
has	the	interesting	consequence	that	one	can	still	view	I–···ICF3	
as	a	 reaction	precomplex,	but	with	different	 stereochemistry,	
and	 hence,	 the	 spectroscopic	 signatures	may	 be	 expected	 to	
be	different	between	X	=	H	and	F.	

Figure	 2	 shows	 the	 frequency-resolved	 (2D)	 PE	 spectra	
collected	 over	 the	 3.50	 ≤	 hv	 ≤	 5.50	 eV	 range	 with	 0.1	 eV	
intervals.	 2D	 PE	 spectroscopy	 is	 a	 powerful	 probe	 of	 the	
location	and	dynamics	of	anionic	resonances,72	which	we	have	
recently	 applied	 to	 radical	 anions,73,74	 biomolecules	 75	 and	
clusters.76–79	 Individual	 PE	 spectra	 are	 plotted	 in	 terms	 of	
electron	 binding	 energy	 eBE	 =	 hv	 –	 eKE	 and	 have	 been	
normalised	 to	 their	 maximum	 intensity.	 At	 hv	 =	 3.50	 eV,	 a	
narrow	 peak	 is	 visible	 at	 eBE	 =	 3.06	 eV.	 The	 profile	 and	
position	 of	 this	 peak	 indicates	 that	 it	 arises	 from	 direct	
photodetachment	 from	 atomic	 I–	 to	 the	 neutral	 iodine	 2P3/2	
ground	state.	This	peak	can	be	clearly	identified	in	the	3.5	≤	hv	
≤	 3.9	 eV	 range,	 although	 it	 is	 also	 present	 at	 higher	 photon	
energies	(with	much	reduced	intensity).	The	appearance	of	the	
I–	PE	spectrum	following	the	excitation	of	 I–···ICF3	 implies	that	
two	sequential	photons	were	absorbed	during	the	 laser	pulse	
(~5	ns).	

At	 hν	 ≥	 5.2	 eV,	 two	 broad	 direct	 detachment	 features	
dominate	 the	 PE	 spectrum.	 The	 peaks	 centred	 around	 eBE	 =	
4.0	 and	 4.9	 eV	 have	 similar	 spectral	 shapes	 and	 widths.	 The	
energy	gap	between	the	two	features	is	~0.9	eV,	which	is	close	
to	the	spin-orbit	splitting	in	the	neutral	iodine	atom	(0.94	eV).	
We	 assign	 these	 two	peaks	 to	 the	 direct	 detachment	 from	 I–

···ICF3,	leaving	the	neutral	as	I[
2P1/2]···ICF3	and	I[

2P3/2]···ICF3	for	
the	 high	 and	 low	 eBE	 peaks,	 respectively.	 The	 vertical	
detachment	 energy	 (VDE)	 of	 I–···ICF3	 corresponds	 to	 the	
maximum	 of	 the	 [2P3/2]···ICF3	 peak;	 VDE	 =	 4.03±0.05	 eV	
(calculated	at	4.29	eV).	 The	 large	 spectral	width	of	 the	peaks	
(~0.3	 eV)	 and	 their	 unresolved	 vibrational	 structure	 could	
preclude	 the	observation	of	 the	0-0	 transition	and,	 thus,	 also	
the	direct	measurement	of	 the	adiabatic	detachment	energy,	
ADE.	 Nevertheless,	 taking	 the	 lowest	 eBE	 where	 PE	 signal	
becomes	 apparent	 from	 the	 direct	 detachment	 provides	 a	
measure	 of	 ADE	 =	 3.8±0.1	 eV.	 This	 is	 a	 blue-shift	 of	 >0.7	 eV	
compared	 to	 unclustered	 I–,	 and	 much	 larger	 than	 the	 blue-
shift	observed	in	I–···CH3I	(0.38	eV).

25	
	

	

Figure	2:	2D	photoelectron	spectra	of	 I–···ICF3	 in	 the	3.50	≤	hv	 ≤	5.50	eV	 range	
with	 hv	 indicated	 on	 the	 left	 of	 each	 offset	 spectrum.	 The	 spectra	 have	 been	
normalised	 to	 their	 maximum	 intensity.	 Bands	 are	 labelled	 according	 to	 their	
detachment	process	(see	text	for	details).	Bands	A	and	B	indicate	regions	where	
indirect	 processes	 dominate,	 which	 are	 evident	 from	 the	 peak	 at	 near	 zero	
kinetic	 energy,	 which	 has,	 for	 example,	 been	 marked	 with	 an	 asterisk	 in	 the	
spectrum	at	hv	=	4.70	eV.	

The	 PE	 spectra	 corresponding	 to	 the	 direct	 detachment	
from	I–···ICF3	are	on	the	whole	unstructured.	However,	there	is	
evidence	of	vibrational	 structure	around	hv	 ~	4.1	and	5.1	eV.	
The	hv	=	5.10	eV	PE	spectrum,	reproduced	 in	Figure	3,	shows	
two	 unresolved	 peaks	 superimposed	 on	 the	 broader	
background	 peak.	 The	 spacing	 between	 these	 two	 peaks	 is	
approximately	100	meV	(800	cm−1).	
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Figure	3.	Photoelectron	spectrum	of	 I–···ICF3	 taken	at	hv	=	5.10	eV.	The	vertical	
dashed	lines	indicate	the	vibrational	structure	observed.	

Additionally,	present	 in	virtually	all	PE	spectra	 is	a	narrow	
detachment	 feature	peaking	at	eBE	=	hv.	As	an	example,	 this	
peak	 is	 labelled	 with	 an	 asterisk	 in	 the	 hv	 =	 4.70	 eV	 PE	
spectrum	 in	 Figure	 2;	 it	 is	 also	 clearly	 visible	 in	 Figure	 3.	 The	
peak	 corresponds	 to	 the	 production	 of	 PEs	 with	 near	 zero	
kinetic	 energy,	 which	 is	 normally	 associated	 with	 an	 indirect	
detachment	 process.	 Through	 comparison	 of	 the	 relative	
intensities	 of	 bands	 present	 in	 the	 PE	 spectra,	 the	 dominant	
electron	 loss	 processes	 can	 be	 identified	 at	 each	 photon	
energy.	With	reference	to	Figure	2,	regions	labelled	as	A	and	B	
contain	 PE	 spectra	 in	 which	 the	 indirect	 detachment	 is	 the	
dominant	electron	 loss	process	occurring.	Specifically,	at	hv	~	
4.0	eV	and	4.9	eV,	 the	 fraction	of	electrons	produced	via	 the	
direct	detachment	channels	appears	at	a	minimum.	

Region	 A	 (and	 B)	 led	 to	 a	 noticeable	 increase	 in	 total	
electron	 signal	 as	a	 function	of	hv.	 To	explore	 this	 further,	 in	
Figure	4,	a	photodetachment	(total	electron	yield)	spectrum	is	
presented	 in	 the	3.75	≤	hv	 ≤	 4.15	eV	 range.	 Two	main	peaks	
can	be	identified:	a	broad	feature	centred	at	hv	=	3.97	eV,	and	
a	 second,	 less	 prominent	 feature	 centred	 at	 hv	 =	 4.07	 eV.	
These	peaks	appear	very	close	to	the	VDE	of	the	cluster	at	4.03	
eV	 (and	 above	 the	 measured	 ADE	 =	 3.8	 eV).	 For	 a	 direct	
detachment	 process,	 a	 rise	 in	 the	 PE	 yield	 is	 expected	when	
the	 photon	 energy	 passes	 through	 threshold,	 but	 this	 is	
expected	 to	 resemble	 a	 smooth	 step	 function.80	 Here,	 the	
observations	of	peaks	 in	 the	photodetachment	 spectrum	and	
the	appearance	of	an	indirect	process	for	electron	loss	(Figure	
2,	 spectral	 regions	 A	 and	 B),	 point	 to	 a	 photoexcitation	 of	
excited	 states	 of	 the	 cluster	 close	 to	 the	 detachment	
threshold.80	 A	 similar	 situation	 appears	 to	 be	 present	 at	 the	
onset	 of	 the	 second	 detachment	 threshold	 corresponding	 to	
the	I[2P1/2]···ICF3	+	e

–	channel.		
Similar	 to	 the	 dominant	 indirect	 detachment	 processes	

occurring	in	regions	A	and	B	in	the	2D	PE	spectra	(Figure	2),	the	
two-photon	detachment	process	at	eBE	=	3.06	eV	is	mediated	
by	 an	 electronic	 excited	 state.	 To	 probe	 the	 character	 of	 the	
excited	states,	DFT	and	TDDFT	calculations	were	performed.		
	

	

Figure	4:	Photodetachment	 spectrum	of	 I–···ICF3	 taken	around	 the	onset	of	 the	
direct	detachment	from	the	cluster.	

The	relevant	molecular	orbitals	(MOs)	of	I–···ICF3	are	shown	in	
Figure	 5.	 The	 highest	 occupied	 MO	 (HOMO)	 corresponds	
primarily	 to	 the	 non-bonding	 atomic	 p-orbital	 localised	 on	 I	
and	is	doubly-degenerate	(i.e.	the	px	and	py	orbitals	–	only	one	
of	 these	 is	shown	 in	Figure	5).	The	next	 lowest	occupied	MO,	
HOMO−2	 corresponds	 to	 the	 pz	 orbital	 on	 I	 which	 interacts	
with	CF3I.	As	a	comparison,	the	analogous	MOs	for	I–···CH3I	are	
also	 included	in	Figure	5.	The	overall	MO	structure	of	 I–···CH3I	
is	 very	 similar	 to	 that	 of	 I–···ICF3,	 despite	 the	 reversed	
stereochemistry.	 However,	 it	 is	 also	 clear	 from	 the	 occupied	
MOs	 that	 the	 charge	 in	 I–···ICF3	 is	more	 delocalised	 onto	 the	
CF3I	 moiety	 and	 that	 I–···ICF3	 has	 more	 covalent	 bonding	
character	than	in	I–···CH3I,	where	the	charge	is	mostly	localised	
on	 the	 I	atom.	The	 lowest	unoccupied	MO	(LUMO)	 in	 I–···ICF3	
and	I–···CH3I	are	also	shown	in	Figure	5.	

Electronic	 excitation	 energies	 and	 their	 character	 were	
computed	 using	 TDDFT	 and	 the	 dominant	 orbital	 transitions	
are	 included	 in	 Figure	 5.	 For	 I–····ICF3,	 the	 lowest	 energy	
transitions	were	 calculated	at	 4.04	eV	and	 correspond	 to	 the	
HOMO/HOMO−1	 →	 LUMO.	 These	 transitions	 have	 a	 low	
oscillator	strength	(0.009).	Additionally,	a	very	bright	transition	
corresponding	to	the	transition	from	HOMO−2	→	LUMO,	with	
an	 oscillator	 strength	 of	 0.91,	 was	 identified	 in	 the	 relevant	
energy	range.	This	bright	state	has	been	calculated	at	4.82	eV	
above	the	anion	ground	state.		

The	 excited	 states	 of	 I–···CH3I	 bear	 close	 similarities	 to	
those	of	I–···ICF3.	The	lowest	energy	transitions	of	I

–···CH3I	also	
corresponds	 to	 the	 degenerate	 HOMO/HOMO−1	 →	 LUMO	
excitation.	This	transition	has	a	similarly	low	oscillator	strength	
but	 is	 red-shifted	 by	 0.27	 eV	 compared	 to	 the	 analogous	
transition	in	I–···ICF3.	The	analogous	HOMO−2	→	LUMO	bright	
electronic	transition	is	calculated	to	lie	at	3.88	eV	(c.f.	4.82	eV	
for	I–···ICF3)	and	has	an	oscillator	strength	of	0.33.	

Discussion	
	 The	experimental	VDE	of	 I–···ICF3	 is	4.03	eV,	which	can	be	
compared	to	that	of	the	related	I–···CH3I	at	3.42	eV,

23,28	while		
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Figure	 5:	 A	 comparison	 of	 the	 HOMO	 →	 LUMO	 and	 HOMO−2	 →	 LUMO	
transitions	 of	 I–···ICF3	 and	 I

–···CH3I,	 respectively.	 Vertical	 excitation	 energies	
stated	are	in	eV.	

that	of	bare	 I–	 is	3.06	eV.81	The	0.36	eV	 increase	 in	VDE	upon	
clustering	 I–	 to	 CH3I	 has	 previously	 been	 attributed	 to	 the	
attractive	 interaction	 between	 the	 negative	 charge	 and	 the	
permanent	 dipole-moment	 of	 CH3I	 (ignoring	 any	 interaction	
between	neutral	iodine	and	CH3I).

28	This	shift	increases	to	0.97	
eV	 in	 I–···ICF3	 suggesting	 a	 significant	 degree	 of	 covalent	
bonding	 between	 I–	 and	 ICF3.	 This	 covalent	 bonding	 is	
apparent	 from	the	MOs	shown	 in	Figure	5	and	 the	molecular	
structure	 in	 Figure	 1	 that	 indicate	 some	 I2

–···CF3	 character	 to	
the	cluster.	The	calculated	 I−I	distance	 in	 the	complex	 is	 very	
similar	to	that	of	 I2

–	 (3.33	Å	compared	to	3.32	Å	calculated	at	
the	same	 level	of	 theory)	and	also	show	that	 the	C−I	bond	 in	
the	complex	(2.18	Å)	is	slightly	elongated	in	comparison	to	CF3I	
(2.14	Å).	Hence,	 these	observations	 suggest	 there	 is	 some	 I2

–	
character	 and	 a	weakening	 of	 the	 bonding	 interaction	 across	
the	C−I	bond.	The	 covalent	nature	 is	 also	 consistent	with	 the	
increased	spectral	width	of	the	PE	peaks	(~300	meV)	compared	
to	 those	 observed	 in	 I–···CH3I,	 which	 are	 on	 the	 order	 of	 25	
meV.	The	fact	that	the	spectral	shape	for	direct	detachment	is	
mostly	Gaussian	suggests	that	the	final	neutral	state	has	a	very	
different	geometry	to	that	of	the	anion.	
	 Despite	the	apparent	covalent	character	of	the	bonding	in	
I–···ICF3,	 it	 also	 retains	much	 non-covalent	 character	 and	 has	
many	 similarities	 to	 I–···CH3I.	 The	 degenerate	 lowest	 energy	
transitions	 are	 from	 the	 relatively	 non-binding	 p	 orbitals	
localised	 on	 I–.	 While	 this	 transition	 carries	 a	 very	 small	
oscillator	 strength,	 its	 presence	 is	 consistent	 with	 the	 PE	
spectra	 at	 hv	 <	 3.9	 eV	 in	 Figure	 2.	 Specifically,	
photodetachment	from	I–	can	be	seen	by	the	narrow	PE	peak	
at	 eBE	 =	 3.06	 eV,	 which	 presumably	 comes	 about	 from	
excitation	of	 I–···ICF3	 via	 the	 bound	 low-energy	 excited	 states	
that	leads	to	dissociation	of	the	cluster	forming	I–.	This	atomic	

fragment	can	subsequently	be	photodetached	in	the	presence	
of	 the	 laser	 field	 which	 remains	 present	 for	 ~	 5	 ns	 (FWHM).	
The	PE	signal	in	this	range	was	very	small,	consistent	with	the	
low	 oscillator	 strengths	 of	 the	 HOMO/HOMO−1	 →	 LUMO	
transition	and	with	the	2	sequential	photon	process.	
	 For	hv	≥	3.80	eV,	the	total	PE	signal	increases	sharply.	The	
total	 PE	 signal	 shown	 in	 Figure	 4	 has	 a	 peak	 at	 3.97	 eV.	
Concomitant	to	the	increase	in	total	PE	yield	is	a	change	in	the	
appearance	 of	 the	 PE	 spectrum:	 the	 detachment	 from	 I–	
becomes	 a	 very	 minor	 channel	 while	 most	 signal	 appears	 at	
very	 low	 kinetic	 energy.	 This	 indirect	 detachment	 channel	
indicates	that	an	intermediate	excited	state	is	accessed.	Given	
the	 large	 increase	 in	PE	yield	 (Figure	4),	we	assign	 this	 to	 the	
calculated	bright	electronic	transition	(HOMO−2	→	LUMO).	As	
our	 calculations	 do	 not	 include	 spin-orbit	 coupling,	 the	
calculated	transition	energy	is	some	way	off.	We	do,	of	course,	
expect	a	spin-orbit	component	and	this	is	clearly	seen	in	Figure	
2	 as	 a	 second	 indirect	 channel	 opens	up	 at	hv	 ~	 4.9	 eV	 (B	 in	
Figure	2).	

At	 hv	 =	 4.00	 eV,	 there	 is	 a	 direct	 detachment	 peak	 from						
I–···ICF3	 and	 this	 peak	 remains	 present	 for	 hv	 ≥	 4.00	 eV.	We	
conclude	 that	 the	bright	 state	 is	 very	 close	 to	 threshold.	 It	 is	
approximately	60	meV	below	the	VDE.	This	also	suggests	that	
the	 total	 PE	 yield	 shown	 in	 Figure	 4	 is	 a	 convolution	 of	 the	
electron	 loss	 via	 the	 indirect	 channel	 and	 the	 direct	
detachment	 channel.	 Despite	 this	 complication,	 the	 second	
maximum	 observed	 at	 4.07	 eV	 does	 not	 correlate	 with	 this	
onset	 and	 appears	 to	 be	 an	 additional	 peak	 in	 the	 excitation	
cross	section	–	 i.e.	a	vibrational	level	of	the	excited	state.	The	
spacing	of	~100	meV	is	very	similar	to	that	observed	in	the	PE	
spectra	(see	Figure	3).		

The	 observation	 of	 an	 excited	 state	 near	 threshold	 (for	
both	spin-orbit	channels)	with	vibrational	structure	is	similar	to	
observations	 in	 I–···CH3I.	 In	 that	 case,	vibrational	progressions	
at	 68	 meV	 were	 observed	 in	 both	 the	 PE	 spectra	 and	 the	
photofragment	 action	 spectra	 monitoring	 I–	 loss	 or	 electron	
loss.	This	vibrational	progression	was	assigned	to	the	ν3	mode	
(based	on	 the	66	meV	 frequency	 for	 the	 IR	active	ν3	mode	 in	
CH3I)	 and	 predominantly	 involves	 the	 C−I	 stretch.	 In	 their	
assessment	 of	 the	 I–···CH3I	 spectroscopy,	 Johnson	 and	
coworkers	 conclude	 that	 the	 vibrational	 structure	 in	 the	 PE	
spectra	 comes	 about	 from	 non-Franck-Condon	 (vibronic)	
effects.28	 The	 non-Franck-Condon	 behaviour	 was	 further	
supported	by	the	fact	that	the	vibrational	activity	seen	in	their	
PE	spectra	showed	a	dependence	on	the	eKE	of	 the	outgoing	
electrons.28	

Vibrational	 structure	 is	 also	 observed	 here	 in	 I–···ICF3	 and	
the	 vibrations	 appear	 more	 resolved	 at	 hv	 =	 4.2	 and	 5.1	 eV	
(see	 Figures	 2	 and	 3),	 where	 the	 two	 spin-orbit	 thresholds	
open.	In	the	case	of	CF3I,	the	IR	spectrum	is	dominated	by	the	
ν1	and	ν2	mode	(92	and	134	meV,	respectively)	of	a1	symmetry,	
which	 correspond	 to	 the	 symmetric	 CF3	 stretch	 and	 a	 C−I	
stretch	(that	also	involves	the	CF3	umbrella	mode;	this	mode	is	
similar	to	the	ν3	mode	in	CH3I),	respectively.	Both	these	modes	
are	 close	 to	 the	 observed	 ~100	 meV	 spacing	 in	 the	 PE	
spectrum	(Figure	3)	and	the	electron	yield	spectrum	(Figure	4).	
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	 Cyr	 et	 al.	 probed	 the	 spectroscopy	 of	 I–···CH3I	 using	
electron	yield	as	well	as	fragmentation	action	spectra	with	the	
two	 products	 being	 I–	 and	 I2

–.	 However,	 the	main	 product	 is	
electron	 loss.	 In	 their	 PE	 spectra,	 no	 slow	 electrons	 were	
observed.23	 This	 may	 be	 because	 of	 the	 low	 collection	
efficiency	 at	 low	 eKE	 in	 their	 experiment.	 Here,	 we	 clearly	
show	 for	 I–···ICF3	 that	 the	 electrons	 are	 lost	 with	 a	 very	 low	
eKE.	 The	mechanism	ascribed	by	 Johnson	and	 co-workers	 for	
the	dynamics	is	one	in	which	the	fragmentation	can	be	viewed	
as	 an	 electron-molecule	 scattering	 process,	 leading	 to	
dissociation	 that	 is	mediated	 by	 the	 σ*	 orbital	 along	 the	 C−I	
bond.	 This	 conclusion	 is	 consistent	 with	 the	 excited	 state	
calculated	 in	 Figure	 5,	 where	 such	 a	 σ*	 character	 is	 clearly	
present.	In	the	present	case	of	I–···ICF3,	many	analogies	can	be	
drawn.	By	inspection	of	the	MO	diagram	in	Figure	5,	a	similar	
σ*	orbital	 is	excited	and	an	analogous	vibrational	progression	
involving	 the	 C−I	 stretch	 is	 seen	 in	 the	 PE	 spectra	 and	
photodetachment	spectra	of	 I–···ICF3.	Here,	we	have	not	been	
able	 to	 monitor	 atomic	 or	 molecular	 fragments	 directly	 and	
have	only	observed	the	electron	loss	channel.	Nevertheless,	it	
would	appear	that	a	similar	overall	mechanism	can	be	ascribed	
here	for	I–···ICF3.	The	fact	that	the	indirect	electrons	appear	at	
very	 low	 eKE,	 regardless	 of	 the	 photon	 energy	 may	 arise	
because	 the	 electrons	 are	 lost	 along	 the	 dissociative	
coordinate.	It	would	clearly	be	of	interest	to	perform	fragment	
(probing	 I–	 and	 I2

–)	 action	 spectra,	but	 these	experiments	 are	
not	possible	in	our	current	arrangement.		
	 While	 the	 electronic	 structure	 of	 the	 SN2	 pre-reaction	
complexes	appears	 little	affected,	 clearly	 the	 stereochemistry	
has	 inverted.	 Therefore,	 I–···ICF3	 effectively	 serves	 as	 a	 probe	
for	frontside	attack	entrance	channel	complex.	As	described	in	
the	introduction,	recent	crossed	molecular	beam	experiments	
and	simulations	have	shown	that	for	the	reactions	F– +	CH3Y,	a	
change	of	Y	=	Cl	to	I	led	to	an	enhanced	frontside	attack,	even	
though	 the	 long-range	 interactions	 is	 similar.	 Hence,	 it	 was	
suggested	 that	 a	 stronger	 interaction	 between	 F–	 and	 I	
compared	 to	F–	and	Cl	was	 responsible.	 In	 the	present	 study,	
we	 have	 effectively	 trapped	 a	 frontside	 attack	 pre-reaction	
complex	 (with	 I– as	 a	 reactant)	 and	 indeed,	 a	 significant	
covalent	 bonding	 character	 is	 observed.	 The	 binding	 energy	
can	be	roughly	estimated	from	the	increase	in	the	VDE	of	the	
cluster	 relative	 to	 that	 of	 bare	 iodide.	 In	 the	 I–···CH3I,	 this	 is	
0.36	 eV	 compared	 to	 0.97	 eV	 for	 I–···ICF3.	 The	 former	 is	 a	
purely	electron-dipole	moment	interaction	and,	assuming	that	
the	magnitude	 of	 the	 permanent	 dipole	 of	 CH3I	 and	 CF3I	 are	
similar,	 then	 the	 covalent	 contribution	 to	 the	 binding	 is	
approximately	the	difference	in	binding	energy	of	I–···CH3I	and	
I–···ICF3	 or	 ~0.6	 eV.	 Although	 this	 is	 a	 very	 rough	 estimate,	 it	
does	 suggest	 that	 the	covalent	 character	 is	 stronger	 than	 the	
overall	repulsive	charge-dipole	moment	 interaction	in	 I–···ICH3	
(0.36	eV).	It	would	be	of	interest	to	study	the	F–···CH3I	complex	
as	a	more	direct	comparison	to	the	reaction	dynamics	studies,	
where	a	well	depth	of	0.97	eV	was	calculated	for	F–···ICH3.

82–84	
Overall,	 given	 the	 growing	 evidence	 of	 the	 existence	 and	
contributions	 of	 mechanisms	 other	 the	 traditional	 backside	
attack	 for	 SN2	 reactions,10–12	 the	 development	 of	 new	
experimental	 probes	 for	 complexes	 along	 such	 reaction	

coordinates	 should	 prove	 to	 be	 useful	 in	 determining	
energetics	and	structures	of	intermediates.	

Conclusion	
A	 photoelectron	 (PE)	 and	 photodetachment	 spectroscopic	
study	of	 the	 I–···ICF3	 complex	 is	 presented,	 supported	by	DFT	
and	 TDDFT	 calculations.	 The	 binding	 in	 the	 cluster	 can	 be	
viewed	 as	 a	 combination	 between	 a	 non-covalent	 charge-
dipole	 interaction	and	a	covalent	contribution	along	the	 I−I−C	
bond.	 The	 PE	 spectra	 show	 direct	 detachment	 channels,	
leaving	the	neutral	in	either	spin-orbit	states	of	the	anion.	The	
lowest	vertical	detachment	energy	is	4.03	eV	and	the	adiabatic	
energy	is	approximately	3.8	eV.	Near	both	thresholds,	there	is	
clear	 evidence	 of	 excitation	 to	 an	 excited	 state,	 which	 is	
corroborated	 by	 the	 PE	 yield	 spectrum	 around	 the	 first	
threshold.	 Electronic	 structure	 calculations	 show	 that	 this	
excited	 state	 can	 be	 assigned	 to	 a	 transition	 with	 charge-
transfer	character	from	the	iodide	to	the	ICF3	moiety.		

The	spectroscopy	is	compared	to	the	much-studied	I–···CH3I	
cluster,	 which	 is	 the	 pre-reaction	 complex	 of	 the	
corresponding	SN2	reaction.	The	electronic	structure	of	I

–···ICF3	
shows	many	parallels,	even	though	the	geometric	structure	 is	
very	 different	 because	 of	 the	 reversal	 of	 the	 dipole	moment	
between	 CH3I	 and	 CF3I	 (i.e.	 the	 pre-reaction	 complex	
stereodynamics	have	been	reversed).	Specifically,	both	possess	
an	excited	state	very	close	to	threshold	and	show	evidence	of	
vibrational	 structure	 in	 the	PE	and	photodetachment	spectra.	
We	assign	the	spectroscopy	and	excited	state	dynamics	along	
parallel	 lines	 to	 that	 of	 I–···CH3I:	 the	 excited	 state	 near	
threshold	can	be	viewed	as	an	electron	scattering	state	that	is	
strongly	coupled	to	the	σ*	orbital	on	the	I−C	bond,	 leading	to	
photoemission	 and	 dissociation	 (which	 was	 not	 measured	
here).	 We	 conclude	 that	 the	 overall	 electronic	 excited	 state	
structure	 is	 insensitive	 to	 the	 stereodynamics	of	 the	 SN2	pre-
reaction	complex.		

Chemical	dynamics	simulations	and	crossed-beam	imaging		
studies	 have	 recently	 shown	 that,	 for	 the	 F–	 +	 CH3I	 reaction,	
the	reaction	 is	 influenced	by	short-range	attraction	and	often	
attacks	as	F–	+	ICH3,

9	 implying	that	the	covalent	interaction	of	
the	 pre-reaction	 complex	 is	 larger	 than	 the	 long-range	
electron-dipole	 interaction.	 The	 relatively	 strong	 covalent	
bonding	 observed	 between	 the	 two	 iodine	 atoms	 here	 may	
also	 be	 sufficient	 to	 overcome	 the	 repulsive	 electron-dipole	
moment	 interaction	 leading	 to	 an	 attractive	 well	 in	 the	
frontside	 attack	 of	 the	 I–	 +	 CH3I	 SN2	 reaction.	 However,	 this	
well	is	weaker	than	the	normal	backside	orientation	as	shown	
by	the	PE	spectroscopy	of	Johnson	and	coworkers.	In	general,	
the	 replacement	 of	 H	 atoms	 with	 F	 atoms	 may	 serve	 as	 a	
useful	 general	 tool	 to	 invert	 the	 stereodynamics	 of	 SN2	 pre-
reaction	 complexes,	 probe	 their	 interactions,	 and	 serve	 as	 a	
method	 for	 investigating	 non-traditional	 SN2	 reaction	
mechanisms.		
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