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Energy flow in peptides after UV photoexcitation
of backbone linkages†

Klavs Hansen,*abc Camilla Skinnerup Byskovb and Steen Brøndsted Nielsen *b

We report on the dissociation channels after UV photoexcitation of peptide cations tagged with

18-crown-6 ether (CE). The model peptides chosen for study were singly protonated (Ala)n–Pro (n = 1,

2, 3) and Pro–Pro (Ala = alanine, Pro = proline) that all contain at least one tertiary amide group with

high absorption cross section at 210 nm (5.90 eV). Statistical dissociation was identified from the loss of CE,

a process occuring remotely from the initial site of excitation, and therefore requiring flow of energy to the

ammonium group where the CE is bound. However, homolytic breakage of the peptide backbone at the

site of excitation is competitive, resulting in so-called a radical cations. Density functional theory

calculations of dissociation energies were done on the simplest system [Ala–Pro + H+](CE) and found to be

1.87 eV for CE loss and 3.29 eV for the formation of a+(CE) and x. These numbers were used to calculate

statistical branching ratios for the dissociation processes based on detailed balance. After the absorption

of two 210 nm photons (according to power-dependence measurements), the branching ratio between

the two channels is calculated to be less than 10�4, far below the observed ratio of 0.65. Hence both

statistical and non-statistical dissociation contribute to dissociation of these photoexcited peptides.

Introduction

Photo-induced dissociation (PID) of peptides and proteins in
combination with mass spectrometry has in recent years become
an important supplement to other techniques (e.g., collision-
induced dissociation (CID) and electron-transfer dissociation
(ETD)) for peptide sequencing.1–3 In most experiments, either
157 nm (7.9 eV) photons from an F2 excimer laser or 193 nm
(6.4 eV) photons from an ArF laser were used to excite amide
chromophores. The energy absorbed is far more than typical
peptide bond strengths (3–4 eV). It should also be mentioned
that significant work has been done on protonated aromatic
amino acids and peptides containing such UV chromophores.4–8

PID has also been used in combination with ETD to provide
more detailed information on the structure of the fragment ions
and isomerization processes.9 PID benefits in comparison to CID
by not changing the pressure in the mass spectrometer and
provides a well-defined amount of excitation energy. However, the
actual mechanism for dissociation is still not well understood and

has been up for much debate since the very first PID experiments
on peptides by McIver and co-workers10 in the 1980s.

Information on the energy flow processes within the peptide
after photoexcitation is necessary to properly understand the
dissociation mechanism, and whether it is statistical or not.
Statistical implies here that the excitation energy is randomized
over all degrees of freedom prior to dissociation so all memory
of the initial excited state is lost, except for the conserved
quantities: energy, momentum and angular momentum. Of parti-
cular importance for the use of PID to pinpoint posttranslational
modifications3 is the information whether or not cleavage
occurs at the initial site of excitation as rearrangements could
occur if the dissociation is slow and statistically.

It can, however, be difficult, if not impossible, from the
dissociation channels themselves to distinguish between statis-
tical and prompt dissociation. This is certainly the case if the
channels are the same for direct and delayed dissociation. In
the case of a vibrationally hot peptide cation, the ionizing
proton becomes mobile and moves to an amide group where
it lowers the C(O)–N dissociation energy.11 This same bond
could be broken in a prompt dissociation process. In a previous
publication, we suggested a method to disentangle the two
channels based on photodissociation of peptide cations tagged
with 18-crown-6 ether (CE).12 The CE is bound to an ammonium
group that is remotely located with regard to the site of photo-
excitation. We chose peptides containing one or more proline
residues to have high oscillator strengths in the ultraviolet
region. A tertiary amide (i.e., involving a proline linkage) has
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an absorption cross section that is three times larger than that
of a secondary amide (at 214 nm),13 and we therefore have
some control over where we initially deposit the photon energy.
We found that the dominant channel after photoexcitation of
CE-tagged peptides was loss of CE (i.e., statistical dissociation)
but also that some rupture of the peptide backbone occurred
(scission of Ca–C(O) or C(O)–N bonds) to give a series of a, x and
b, y fragments and ascribed this to prompt breakage of the
backbone. Also side-chain cleavages were seen.

The CE is not only important for the question of statistical
dissociation, it also immobilizes the ammonium protons thereby
preventing a proton to move to an amide group and lower the
dissociation energy for backbone cleavage (cf., the mobile proton
model mentioned above).

To investigate further the reality of non-statistical breakage
of the peptide backbone, we have in this work studied simpler
peptides that in addition to proline contain alanine. In the case
of the smallest one, [Ala–Pro + H+](CE), we did density func-
tional theory calculations of dissociation energies and used
these to calculate approximate rate constants for the dissocia-
tion channels, enabling us to quantify the expected branching
ratio in a statistical decay.

Experimental

The setup used for the PID experiments has been described in
detail elsewhere,14,15 and only a brief description will be given
here. 18-Crown-6 ether was purchased from Sigma-Aldrich and
synthetic peptides from LifeTein LLC (Hillsborough, NJ, USA).
Both peptide and CE were added to a water/methanol (1 : 1)
solution with 10% acetic acid in volume and electrosprayed to
produce complexes between protonated peptides and CE. All
ions were accumulated in an octopole trap that was emptied at a
frequency of 40 Hz. After acceleration to 50 keV kinetic energies
of the singly charged ions, they were mass selected by an
electromagnet, followed by laser irradiation. Only every second
ion bunch was irradiated to correct for dissociation not due to
photoexcitation. The laser system is a 20 Hz Nd:YAG where the
third harmonic is pumping an optical parametric oscillator to
produce 420 nm blue light (and 2300 nm infrared light). The
blue light was then frequency doubled in a barium borate (BBO)
crystal to produce the 210 nm UV light. Finally, a hemispherical
electrostatic analyzer was used to mass-separate the fragment
ions that were counted with a channeltron detector. To obtain
the PID spectrum, the difference between the laser-on and laser-
off signals was taken. Synchronization and timing of each step in
the experiment were done with a Labview program.

Calculations
Dissociation energies

All structure calculations were done with the Gaussian-03W
program.16 Geometries were optimized at the B3LYP/6-31G(d)
level of theory, and frequencies were calculated to verify that
the structures are not saddle points. Single point calculations

were done at a higher level, B3LYP/6-311++G(2d,p). All energies
were corrected for zero-point kinetic energies (harmonic
oscillator approximation). Dissociation energies were obtained
from the energy difference between products and the reactant
(i.e., [Ala–Pro + H+](CE)).

Rate constants

The calculation of rate constants was done with the detailed
balance formalism.17 As in the more familiar RRKM formalism,18

it involves the ratio of level densities of reactant and products.
Relative to the simplest version, describing evaporation of a single
atom, it requires modification for an evaporated fragment with
internal degrees of freedom, primarily vibrations and the rotations.
To the extent that the excitation energy of the dissociated system
can be separated into the vibrational and rotational components,
we have (the relative translational kinetic energy of the two
fragments can be ignored in this connection),

Eexct = E � DE = Erot + Evib,

E is the excitation energy of the parent ion (initial energy plus
photon energy), and DE is the dissociation energy. It is possible
to incorporate the vibrational and rotational degrees of free-
dom into the rate constant. This is accomplished by integrating
over the partitioning of the energy over the two fragments. For
the vibrations the procedure is simple, because it gives the
vibrational level density of the whole fragment system after
dissociation.19 The Beyer–Swinehart algorithm was used for
these calculations.20 The rotational degrees of freedom carry
only a minor amount of excitation energy. This simplifies
the calculation of the product level density, which is also a
convolution:19

rðE � DEÞ ¼
ðE�DE
0

rvib E � DE � Erotð Þrrot Erotð ÞdErot;

The simplification consists in expanding the logarithm of the
vibrational degrees’ of freedom level density

rvib E � DE � Erotð Þ ¼ rvibðE � DEÞ exp �Erot

kBT

� �
;

where kBT is defined as the reciprocal of the first order
derivative of the logarithm of the level density (see ref. 19 for
more details). The integral then yields the canonical partition
function for the rotational degrees of freedom, and the inclusion
of rotations is then simply achieved by multiplication with the
canonical rotational partition function, Zrot, evaluated at the
product microcanonical temperature:

r(E � DE) = Zrot(T)rvib(E � DE)

The rotational partition function involves the rotation of both
fragment species. Due to conservation of angular momentum,
these cannot be integrated over separately, and the partition
function is therefore not the product of the two partition
functions, but rather reduces to a single partition function. The
issue is complicated by the fact that the capture cross section
for the inverse process, needed to calculate the rate constants,
also involves integration over angular momenta, defined by

Paper PCCP

Pu
bl

is
he

d 
on

 2
8 

A
pr

il 
20

17
. D

ow
nl

oa
de

d 
by

 C
ha

lm
er

s 
T

ek
ni

sk
a 

H
og

sk
ol

a 
on

 0
2/

08
/2

01
7 

15
:5

1:
38

. 
View Article Online

http://dx.doi.org/10.1039/c7cp01768e


19642 | Phys. Chem. Chem. Phys., 2017, 19, 19640--19645 This journal is© the Owner Societies 2017

the impact parameter and the momentum in that channel.
The resulting final theory is not yet available. As a physically
motivated solution we will (1) take the inverse process capture
cross section to be geometric for both observed processes and
identical in magnitude, and (2) use the sum of the reciprocal
geometric averages of the moments of inertia of the two
fragments I1, I2 as the effective moment of inertia Ieff,

1

Ieff
¼ 1

I1
þ 1

I2

The rotational partition function is then calculated with this
moment of inertia in the semiclassical approximation. The
moments of inertia along the principal axes (for the common
isotopes) are equal to (all in units of u a0

2) 247.27, 441.89,
561.51, and 813.80, 928.06, 1624.2 for the crown ether loss,
and 148.30, 236.49, 310.11 and 947.06, 1077.3, 1646.2 for the
peptide bond break. This gives the two effective rotational
temperatures of 0.298 K for the crown ether loss and 0.460 K
for the peptide bond breaking. The microcanonical tempera-
tures of the products are 982 K and 876 K. This gives the
semiclassical rotational partition functions Zrot of 335 000 and
147 000 for the two fragment systems, i.e., a significant enhance-
ment relative to a simple transition state theory calculation.

The assumption of a geometric attachment cross section
seems to ignore important steric factors. We believe these
factors are absent and the geometric cross section expected to
be a good approximation because a complex formed by soft
collisions will likely have a sufficiently long lifetime to reach the
ground-state geometry before re-evaporation, as illustrated
schematically in Fig. 1 (no bond-breaking is required for the
rearrangement). It is very possible and probably unavoidable
that the complex will experience metastable configurations
when diffusing around on the phase space surface. These states
are not expected to be long-lived because the total excitation
energy is 12.5 eV and the fragments are attracted by relatively
weak van der Waals forces, rendering minima relatively shallow
compared to the effective temperature and the barrier hopping
attempt on the order of the vibrational frequency. In summary,
when one forms the ratio of two different rate constants that
involve fragments of similar size, mass, and disintegration
energy, the factors involving angular momentum, fragment
masses etc. tend to cancel. We can therefore calculate the

branching ratio BR, which is the ratio of rate constants, as
the ratio of product vibrational level densities, i.e.,

BR ¼ r1 E � DE1ð Þ
r2 E � DE2ð Þ

where the subscripts refer to the channel considered ((1)
homolytic bond breakage and (2) CE loss).

Keeping the systematic uncertainty concerning the
rotational motion in mind, we can calculate the rate constant
for crown ether loss, assuming that the rotational degrees of
freedom are taken into account by multiplication of the rate
constants by the classical rotational partition functions at the
relevant temperature, which is the product temperature given
above. This factor is set to the calculated value of 106.

Results and discussion
PID mass spectra

Photoexcitation of the bare, singly protonated Ala–Pro peptide
leads to several different fragment ions (Fig. 2a) and is in
accordance with previously published PID spectra.1–3,10,12

Dominant fragment ions are a+ and y+, loss of COOH or H2O
from y+, as well as loss of COOH/HCOOH from the parent
peptide followed by loss of NH3 (see nomenclature in Fig. 2). In
contrast, the PID spectrum of [Ala–Pro + H+](CE) is much
simpler with two dominant channels corresponding to the
formation of the bare peptide ([Ala–Pro + H+]) and CE and the
formation of a+(CE) + x, the latter with an intensity of 0.65
relative to the former. A minor peak is ascribed to loss of
COOH/HCOOH from the parent complex; it amounts to 0.12
relative to the CE loss channel. This channel may arise from

Fig. 1 An illustration of the inverse, two-step attachment process, with the
competing re-evaporation process indicated for the second step. The barriers
for rearrangements are expected to be lower than for re-evaporation, making
the minimum energy configuration search efficient.

Fig. 2 PID mass spectra of (a) [Ala–Pro + H+] and (b) [Ala–Pro + H+](CE).
The inset shows a zoom-in on the a+(CE) peak. The structure of the
peptide is shown at the top including the nomenclature for the backbone
fragment ions.
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direct excitation of the carboxylic acid group which occurs with
a lower cross section than the excitation of the amide group.12

The a+(CE) peak is broadened towards lower masses which
implies that in addition to homolytic bond dissociation some
H-transfer also takes place between the two fragments to give
[a+ � H](CE) together with the neutral fragment [x + H].
According to power-dependence measurements, more than
one photon is required for the loss of CE (Fig. 3a). At low laser
powers, dissociation is in accordance with the absorption of two
photons. At higher laser powers, saturation occurs as all the ions
in the interaction region have absorbed two photons, and yields
no longer follow single power laws. The two photon threshold
is consistent with the expectation from the calculations of the
rate constants (vide infra), even if reservations concerning the
accuracy of the absolute values remain. The yield of the other
two fragment ions (a+(CE) and [Ala–Pro–H+](CE) � COOH)
relative to [Ala–Pro–H+] is independent of laser power (Fig. 3b),
which implies that the same number of photons account for
each of the three dissociation channels (two photons).

The experiment was repeated for other peptides,
[Pro–Pro + H]+(CE) (Fig. 4) and [Ala–Ala–Pro + H+](CE) and
[Ala–Ala–Ala–Pro + H+](CE) (Fig. 5). In the former case, the PID
spectrum of the bare peptide, [Pro–Pro + H+] is simple, giving
one dominant fragment ion, a+, and minor intensities assigned
to y+ and ions that have lost either COOH or HCOOH. In the
case of the complex with CE, loss of CE is dominant but the
formation of a+(CE) is again significant.

For the two larger peptides, loss of CE is dominant but now
there are more backbone cleavages as the peptide contains two
and three amide linkages, respectively. Interestingly, in the case
of [Ala–Ala–Pro + H+](CE), the relative ratio between the a2

+(CE)
and a1

+(CE) (subscripts refer to the number of residues in the
fragment) peaks is about 3 : 1, similar to the difference in absorption
cross section between the two amide groups (the amide linkage

between Ala and Ala is secondary while the one between Ala and Pro
is tertiary). Likewise, the peak due to the a3

+(CE) ion formed from
[Ala–Ala–Ala–Pro + H+](CE) is larger than those corresponding to
a2

+(CE) and a1
+(CE). These observations are consistent with prompt

dissociation though not directly a proof of it.
The branching ratio between peptide backbone cleavage and

loss of CE is different for the different peptides under study as
was also seen previously.12 Including the previous work, we
have studied a total of nine peptides where the branching ratio
varies between 0.2 and 0.8. The excitation energy per degree of
freedom would vary significantly between the peptides as they
are composed of different amino acids and the number of
residues was 2, 3 or 4. Furthermore, there would be small
variations in the energy needed for the homolytic bond
breakages as well as for CE loss. It is therefore remarkable that
the variation in branching ratio is not larger than it is; this fact
is difficult to reconcile with pure statistical dissociation, again
pointing to a significant contribution from direct light-induced
bond-breaking.

In other experiments, the excitation energy was initially
deposited in the indole group of tryptophan and not in the
amide group, which reduced the branching ratio to 0.04.12 In
low-energy CID experiments there was no sign of backbone
cleavage as long as the protons were sequestered at the ammo-
nium group by the CE.12 Taken together, all our experimental

Fig. 3 (a) Yield of [Ala–Pro + H+] (m/z 187) after photoexcitation of
[Ala–Pro + H+](CE) versus relative laser power (1 is maximum power). A
x2 function was fit to the data points at low laser power. (b) Yields of a+(CE)
(m/z 309) and [Ala–Pro + H+](CE)� COOH (m/z 406) relative to [Ala–Pro + H+]
versus relative laser power.

Fig. 4 PID mass spectra of (a) [Pro–Pro + H+] and (b) [Pro–Pro + H+](CE).

Fig. 5 PID mass spectra of (a) [Ala–Ala–Pro + H+](CE) and (b) [Ala–Ala–
Ala–Pro + H+](CE).
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data indicate that the breakage of the peptide backbone is
prompt after UV excitation of an amide group, and that
statistical dissociation favors CE loss by far over backbone
cleavage. Basically, it matters how the energy is supplied. In
the following, we provide the quantum chemical background
for the miscellaneous energies and vibrational frequencies
used to reach this conclusion.

Calculational results

Electronic structure calculations were done for [Ala–Pro + H+](CE)
and the dominant fragment ions according to the PID mass
spectrum. We find that loss of CE requires 1.87 eV at the
B3LYP/6-311++G(2d,p)//B3LYP/6-31G(d) level of theory, which is
in good agreement with previous calculations (1.80 eV and 1.96 eV
for the loss of CE from singly protonated diaminoheptane at the
B3LYP/6-31+G(d,p) and B3-PMP2/6-311++G(2d,p) levels of theory,
respectively).21 Homolytic breakage of the peptide backbone to
give a+(CE) and x fragments is associated with an energy cost of
3.29 eV, nearly 1.5 eV more than that of CE loss. The formation
of [a�H]+ and [x + H] costs only 1.03 eV, and H-transfer between
a+ and x fragments is therefore favorable, accounting for the
large [a � H]+ peak in the PID mass spectrum (shoulder to lower
masses). The calculated structures are shown in Fig. 6. It should
be mentioned that there are likely many different initial struc-
tures of the [Ala–Pro + H+](CE) parent ion, which would give
some variations in the reaction energies. However, the presence
of such structures will not significantly change the dissociation
rate constants in the statistical regime. They will mainly have
consequences for a hypothetical chemical equilibrium situation
(for a detailed discussion of this question, see ref. 22).

The rate constant for CE loss as a function of excitation
energy is shown in Fig. 7; for the calculation the activation
energy was assumed identical to the dissociation energy
(1.87 eV). The experimental time window for dissociation is
up to about 10 ms after photoexcitation, which implies limited
dissociation after the absorption of one 210 nm (5.90 eV)
photon according to the calculated rate constants. To reach a
rate constant of 105 s�1 requires excitation energies of about
6.9 eV. On the other hand, the absorption of two 210 nm photons
would basically give complete dissociation on the experimental
time scale, in agreement with the power dependence measure-
ment. We used a similar approach to calculate the rate constant
for the formation of a+(CE) and x, again equating the activation

energy with the dissociation energy. The branching ratio between
the two processes was calculated as a function of the excitation
energy (Fig. 8). Including a thermal energy before photoexcitation of
0.65 eV (298 K), the total excitation energy after two-photon absorp-
tion is 12.5 eV. Even at this high energy, the a+(CE)/[Ala–Pro + H]+

branching ratio is only 2.5 � 10�5, which is far from the
experimental number close to one. To reproduce the experi-
mental ratio, it is necessary to reduce the reaction energy for
the formation of a+(CE) and x to 2.35 eV. This is nearly 1 eV less
than our calculated value.

Chen et al.23 have done excited state calculations on simple
model systems containing the amide moiety. They found that
after excitation to the np* state (n is a lone pair electron on the
amide oxygen), electronic deexcitation to the ground state is
ultrafast via a conical intersection associated with elongation of
the C–N bond and formation of a di-radical configuration.
Interestingly, theory predicted that breakage of the C–N bond
was competitive with internal conversion to the ground state,

Fig. 6 Calculated structures relevant for the two dissociation processes
that we compare in this work.

Fig. 7 Calculated rate constant for CE loss from [Ala–Pro + H+](CE) versus
excitation energy. A rotational enhancement factor of 106 was used. The
experimental time window for dissociation is up to about 10 ms, which
implies limited dissociation after the absorption of one 210 nm (5.90 eV)
photon. However, complete dissociation will occur after the absorption of
two photons in agreement with the experimental findings.

Fig. 8 Branching ratio between the loss of CE and the formation of a+(CE)
versus excitation energy. Even after the absorption of two photons, the
ratio is less than 10�4 which implies that the formation of a+(CE) cannot
compete with CE loss, and importantly not account for the large measured
yield of a+(CE), if randomization of the energy has time to occur before
dissociation.
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with almost equal probability while experiments by Keiding
and co-workers24 on formamide in solution showed that the hot
molecule was predominantly formed. In solution dissipation of
the excess energy to surrounding solvent molecules is ultrafast
and competes with intramolecular vibrational redistribution of
the energy. If C–N breakage accounts for the prompt dissocia-
tion observed in our work, fast loss of CO is subsequently
required as a+ ions and not b+ ions were observed. More work is
needed to fully understand the dissociation mechanism.

Conclusions

In this work, we have provided additional evidence that the energy
flow in peptides after 210 nm photoexcitation of the backbone is
governed by two competing processes, either prompt dissociation
occurs or the weakest bond is broken after internal conversion
and intramolecular vibrational redistribution of the excess energy
(statistical dissociation). Theoretical calculations of statistical rate
constants strongly indicate that homolytic backbone cleavage is too
slow to compete with CE loss (statistical process), basically due to a
too large difference in dissociation energies. Hence only prompt
dissociation can account for the high observed yield of backbone
dissociation. Furthermore, all experimental observations made
here and in previous work are in agreement with prompt dissocia-
tion. As the absorption cross section at 210 nm excitation wave-
lengths is higher for proline linkages than for other ones, our work
demonstrates how PID provides some selectivity on where in the
peptide backbone to induce cleavages. While prompt dissociation
is significant, statistical dissociation dominates, which renders
peptides quite photostable even at these high excitation energies.
An important issue for future studies is how the geometrical
structure influences the competition between the two processes.
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