
On the intrinsically low quantum yields of pyrimidine DNA photodamages;
evaluating the reactivity of the corresponding CASPT2 MECPs

Angelo Giussani,1,†,* Graham A. Worth1

1 Department of Chemistry, University College London, 20 Gordon Street,
London WC1H 0AJ, UK.

† Current address: Instituto de Ciencia Molecular, Universidad de Valencia, Catedrático José Beltrán
2, 46980 Paterna, Spain.

* E-mail: angelo.giussani@uv.es

The  low  quantum  yield  of  photoformation  of  cyclobutane  pyrimidine  dimers  and  pyrimidine-
pyrimidone (6−4) adducts in DNA bases is usually associated with the presence of more favorable
non-reactive  decay  paths  and  with  the  unlikeliness  of  exciting  the  system  in  a  favorable
conformation. Here we prove that the ability of the reactive conical intersection to bring the system
either  back  to  the  absorbing  conformation  or  to  the  photoproduct  must  be  considered  as  a
fundamental factor in the low quantum yields of the mentioned photodamages. In support of the
proposed model, the one order of magnitude difference in the quantum yield of formation of the
cyclobutane thymine dimer with respect to the thymine-thymine (6-4) adduct is rationalized here by
comparing the reactive ability of the corresponding seam of intersections at the CASPT2 level of
theory.
 
Cyclobutane pyrimidine dimers (CPDs) and pyrimidine-pyrimidone (6−4) adducts (PPAs) are UV-
induced DNA photodamages with mutagenic and carcinogenic properties.1 CPDs are the result of a
[2+2] photocycloaddition between the carbon-carbon double bonds of two consecutive pyrimidine
nucleobases belonging to the same DNA strand.2–6 The reaction can proceed in both the singlet and
triplet  manifolds  (in  fact  CPDs have been detected  both after  direct  UV absorption  and in  the
presence of photosensitizers)7,8  and under UVA and UVB irradiation.9 The process is ultrafast, as
proven by the seminal work of Zinth, Kohler and co-workers for the particular case of two reactive
thymine nucleobases forming the cyclobutane thymine dimer (Figure 1a), where the timescale of
the reaction was recorded to be around 1 ps.10  

PPAs are the results of the reaction between a carbon-carbon double bond and either a carbonyl or
an amide group of two consecutive pyrimidine nucleobases belonging to the same DNA strand
(Figure  1b).  It  is  normally  accepted  that  the  reaction  takes  place  via  oxetane  or  azedine
intermediates, their formation being the actual photoactivated part of the global process, followed
by thermal ring opening toward the final PPA product.2,6,11–13 In the case of two reactive thymine
nucleobases, the first photoactivated part of the mechanism leading to an oxetane structure is a so
called Paternò-Büchi reaction (Figure 1b).14 In contrast to CPDs, PPAs are not formed under UVA
radiation.9 The mechanism has been proposed to occur along the singlet manifold,6,15  even if a
possible involvement of triplet states (which indeed have a recognized importance in the general
mechanism  of  the  Paternò-Büchi  reaction)16 has  been  suggested  and  never  completely  ruled
out.12 The timescale for the formation of the oxetane intermediate has never been experimentally
recorded, although it is assumed to proceed in the ultrafast regime.17

The  quantum yield  of  formation  (Φf)  of  both  CPDs and PPAs has  been proven to  depend on
different  factors,  among  which  one  of  the  most  important  is  the  nature  of  the  two  involved
pyrimidine nucleobases.18 The experimentally observed Φf are however very low, ranging from 10-3

to 10-4, depending on the type of photoproducts and on the specific conditions.19 This fortunate - at
least  for  a  human  health  perspective  -  condition  is  normally  rationalized  by  the  presence  of
competitive  non-reactive  decay  paths.  Among  them  the  well  known  non-radiative  decay  path



characterized in all canonical nucleobases that brings the excited system back to the original ground
state in an ultrafast fashion,20 and other DNA related processes.21 

In the seminal work of Zinth, Kohler and co-workers,10 the concept of initial reactive conformation
was introduced: "The low yields for all-thymine oligomers thus reveal that only a few percent of the
TT doublets are favorably positioned for reaction at the time of excitation". It is the conformation of
the system at the time of light irradiation which mainly determines if the photoresponse will either
lead to the photoproduct or not. Following this line of thought, theoretical models have emerged in
which  CPDs  and  PPAs  Φf  of  different  systems  were  computed  through  the  estimation  of  the
percentage  of  thermally  accessible  ground  state  conformations  characterized  by  one  or  more
particular geometrical features, assumed to be key for the pro-reactivity of the system.22,23 In turn
these  geometrical  features  were  determined  evaluating  the  subsequent  evolution  of  the  excited
states,  mostly focusing on the ability  to  reach a  conical  intersection region connected with the
photoproduct. As far as we are concerned, little effort has been devoted to the description of the
subsequent evolution after ground state repopulation at the reactive seam of intersection, with only
one paper, presented by one of us, showing that for the thymine-thymine (6−4) photolesion the CI
leading to the photoproduct is not the first encountered point of the CI seam.13

Conical  intersections  (CIs)  are  regions  in  which  two  electronic  states  are  degenerate  in
energy.24 Despite  the  fact  that  CIs  not  required  by  symmetry  were  initially  considered  as
"uncommon" and "more or less strongly avoided",25 nowadays their paramount importance for non-
adiabatic  processes  is  well  established.26 It  has  repeatedly  proven  that  such  CIs  are  indeed
omnipresent and that their ability to mediate ultrafast non-radiative population transfer between the
two involved electronic states is at the basis of many different photophysical and photochemical
processes.27 As a here related example, the [2+2] photocycloaddition between two carbon-carbon
double bonds, on which the formation of CPDs is based, is a thermally forbidden reaction that can
instead occur along the excited states thanks to the presence of a CI connecting the reactant and the
product.28

The efficiency of a CI to mediate population transfer and to promote,  or not,  reactivity can be
evaluated  by  characterizing  its  topology,  although  only  dynamics  simulations  are  capable  of
providing a  quantitative analysis.  Performing a first  order expansion in the Hamiltonian matrix
elements at a CI point, it is possible to classify CIs as either peaked or sloped.26,29 In a peaked CI
both potential energy hypersurfaces (PEHs) are elliptical cones pointing against each other with a
common tip, while in a sloped CI both PEHs present a downhill slopes and touch each other at the
crossing points. It has been shown that peaked CI are more efficient than sloped CI in promoting
population transfer from the upper to the lower state.30

Based again on a linear model at the crossing point, CIs can also be subdiveded into two further
categories: single-path and bifurcating.31 Single-path CIs are characterized by only one preferred
relaxation direction on the lower PEH, while for bifurcating CIs, there are two such directions.
Consequently single-path CIs will preferably give rise to a single photoproduct, while two different
photoproducts can results from bifurcating CIs.

CIs  are  not  isolated  structures  but  instead  form  a  locus  of  points.  It  is  consequently  not
straightforward to compare two CI-mediated photoreactions by comparing the two corresponding
CI as it  would be a comparison of two ground-state reactions by comparing the corresponding
transitions states. A possible way of comparison is comparing the corresponding minimum energy
crossing points (MECPs, i.e. a minimum in the CI seam). It should however be kept in mind that a
CI mediated process could occur without the need to reach the MECP, since other CI points could
be more relevant, for example by being more accessible.32



Figure 1. a) Scheme of the reaction leading to the cyclobutane thymine dimer (CTD); b) Scheme of
the reaction leading to the thymine-thymine (6-4) adduct (TTA). Atom labelling is also reported.

In the present contribution we have evaluated the ability of what are nowadays recognized as the CI
regions responsible respectively for the formation of the cyclobutane thymine dimer (CTD) and the
thymine-thymine  (6-4)  adduct  (TTA)  to  actually  bring  the  system  to  the  corresponding
photoproduct.5,12 This  was  done  by  performing  ab  initio  CASPT2//CASSCF  and
CASPT2//CASPT233 computations as implemented in the OpenMolcas34 code on a model system
composed of two isolated thymine molecules. Our aim was to evaluate how the efficiency of such
CI regions to lead to photoformation impacts on the Φf of the two photoreactions.

Starting  with  the  analysis  of  the  TTA photoformation,  a  CASPT2(16,12)  MECP optimization
between the S1 and S0 states was performed, which resulted in the characterization of the MECP
structure hereafter denoted as (S1/S0)mecp-TTA (Figure 2). At such a structure the states are separated
by  0.01  eV at  the  CASPT2(16,12)  level.  The  computation,  as  all  others  here  presented,  was
performed  using  a  basis  set  of  atomic  natural  orbital  (ANO)35 of  S-type  contracted  to
C,N,O[3s,2p,1d]/H[2s1p] and with an active space (16 active electrons  distributed in  12 active
orbitals)  which  includes  the  most  relevant  π  orbitals.  Due  to  the  lack  of  analytical  CASPT2
gradients, all CASPT2 optimizations are numerical. The latter point is a known source of numerical
errors.36 For such a reason, and for the associated prohibitively high computational cost, the nature
of  the  obtained  CASPT2  critical  points  was  not  verified  by  computing  numerical  CASPT2
frequencies. As an estimation, the corresponding CASSCF(16,12) frequencies were calculated. At
such level  of  theory,  an imaginary  frequency of  231 cm-1 was  computed  at  the  (S1/S0)mecp-TTA

structure, consequently partially supporting the MECP character of the latter structure. 

In  order  to  evaluate  the  further  evolution  of  the  system  from  the  (S1/S0)mecp-TTA point,
CASSCF(16,12) minimum energy paths (MEPs) computations were performed. Being a CI, at the
(S1/S0)mecp-TTA geometry the distinction between S0 and S1 is ill-defined. For that reason, a MEP
computation was performed following the nature of each of the two crossing state,37 each of which,
depending of the direction along which the system evolves, could energetically become the S0 state.
The  MEP following  the  upper  state  (i.e.  the  one  for  which  a  single  imaginary  frequency was
computed) evolves towards the formation of the oxetane intermediate, while the other MEP decays
back  to  two separate  thymine molecules.  The result  points  out  that  (S1/S0)mecp-TTA can  indeed
mediate the photoreaction, if the system evolves following the nature of the upper state.

In order to gain further knowledge of the process, the topology of the (S1/S0)mecp-TTA CI has been
determined, again for computational reasons, at the CASSCF level as allowed in the OpenMolcas
code.31 Such a CASSCF approximation is here partially justified by the near degeneracy displayed
also at this level of theory (0.10 eV energy difference). The analysis determined that the (S1/S0)mecp-

TTA CI is peaked and bifurcating. The bifurcating character is in agreement with the computed MEPs
(one leading to photoreaction, the other not) while the peaked character tells us that the CI has a
propensity to transfer population from the upper to the lower state.  



In order to further explore the CI region, a second CASPT2(16,12) S0/S1 MECP optimization was
performed from a different starting point. For the so obtained structure, hereafter (S1/S0)mecp-TTA-2

(Figure  2),  a  similar  analysis  to  the  one  above  described  for  (S1/S0)mecp-TTA was  performed.
Geometrically the two MECP structures are very similar, being energetically separated by only 0.02
eV. At the (S1/S0)mecp-TTA-2  the S0 and S1 states are completely degenerate at the CASPT2(16,12)
level (while 0.30 eV apart at CASSCF level), and two imaginary CASSCF frequencies of 133 and
71 cm-1 were obtained.  Despite these similarities,  two fundamental  differences differenciate the
MECPs. First, from (S1/S0)mecp-TTA-2 both MEP, each of which follow the nature of either the upper
or the lower state, evolve in a non-reactive way toward the two separated nucleobases. Second, the
(S1/S0)mecp-TTA-2  CI is still peaked but this time is single-pathed, in agreement with the common
evolution recorded along the two MEPs. It is significant to note that at the non-reactive (S1/S0)mecp-

TTA-2  the CO bond being formed is shorter than at the reactive  (S1/S0)mecp-TTA (1.754 vs 1.784 Å).
However, the reactive (S1/S0)mecp-TTA displays a more puckered C4 atom (forming the new CC bond
in the oxetane structure) than (S1/S0)mecp-TTA-2 (Figure 2). This latter feature was already reported to
strongly influence the pro-reactivity of the CI.13

From the presented analysis, we can then conclude that the CI responsible for the photoformation of
the TTA photodamage would preferably bring the system back to two separated thymines. This in
turn should be an important factor determing the low Φf reported for this photoproduct (around 10-

4), which is indeed one of the least formed dipyrimidine photodamages.19

Figure 2. Geometries of the MECPs and CIs discussed in the text. Selected bond lengths (in Å) and
angles (in deg) are also reported.

Let us now turn to the CTD photoreaction. An analogous exploration to the one described for TTA
was undertaken. This time only one CASPT2(16,12) MECP was obtained, hereafter (S1/S0)mecp-CTD

(Figure  2). In  the  latter  structure  the  S0  and  S1  states  are  completely  degenerate  at  the
CASPT2(16,12) level (0.54 eV at CASSCF level), and no imaginary CASSCF frequencies were
computed. The MECP CASSCF topology is peaked and bifurcating. The bifurcating character is
here  supported  by  the  computed  MEP  profiles:  while  the  upper  state  evolve  towards  CTD
formation, the lower state decays back to the separated nucleobases.

As described above for the TTA photoreaction a CI point from which only a non-reactive evolution
appears as the most probable outcome was obtained. In order to evaluate if an analogous region
exists also for the CTD case, a series of geometries has been built distorting the (S1/S0)mecp-CTD CI
along the direction of the non-zero CASSCF gradient of the S1 state, projecting such a direction on
the seam space so as to keep the degenerancy. The branching space was computed at the CASSCF
level.31 For the so defined structures ((S1/S0)ci-CTD-0.5, (S1/S0)ci-CTD-0.6  , etc), the evolution of the
system has been evaluated by computing MEPs, with the S0-S1 degeneracy proved at the CASPT2
level, and the topology of each CI has been characterized (Table S1). The first structure for which
both CASSCF MEPs describe a non-reactive path is (S1/S0)ci-CTD-0.7, hereafter (S1/S0)ci-CTD (Figure
2), is placed 0.71 eV above the (S1/S0)mecp-CTD  geometry. The main geometrical deformation with



respect to the (S1/S0)mecp-CTD point is the elongation of the carbonyl groups (Figure S3). At the (S1/
S0)ci-CTD CI  the  S0 and S1 states  are  separated  by 0.05  eV at  the  CASPT2 level  (0.41 eV at
CASSCF level) and the CI can be topologically classified as peaked and bifurcating. The latter
feature is in discord with the two coincident MEP evolutions; however, the parameter determing the
bifurcating  or  single-path  topology shows that  this  structure  is  not  very far  from a single-path
topology,38 and in fact along this direction a nearby single-path CI point ((S1/S0)ci-CTD-0.9) has been
located (Table S1).

It is now instructive to compare the results obtained regarding the TTA and CTD photoformation. In
both  cases  a  CASPT2(16,12)  MECP belonging to  the  seam of  intersection  responsible  for  the
corresponding  photoreaction  has  been  characterized.  Both  MECPs,  the  (S1/S0)mecp-TTA and
(S1/S0)mecp-CTD structures,  respectively,  are  peaked  and  bifurcating  CI,  and  in  both  cases  the
computed MEP following the nature of the upper state evolves toward the photoproduct while the
corresponding  MEP following  the  nature  of  the  lower  state  decays  back  to  the  two  separated
nucleobases. A second MECP, (S1/S0)mecp-TTA-2, associated with the TTA photoreaction and placed
only 0.02 eV above the (S1/S0)mecp-TTA  MECP has been localized.  Such a MECP is peaked but
single-pathed, and in fact both MEPs evolve in a non-reactive fashion. A CI whose evolution is only
non-reactive has been also characterized for CTD, the (S1/S0)ci-CTD geometry, but in this case it is
placed  0.71  eV above  the  (S1/S0)mecp-CTD MECP and  it  is  not  a  MECP.  These  analogies  and
differences prompt us to the following conclusions. First, although connected to the photoproduct,
both  seams  of  intersection  have  a  non-negligible  tendency  towards  non-reactivity.  This  factor
should be taken into consideration when evaluating the efficiency of the global photoreactions, and
is  a  possible  intrinsic  factor  determining  the  low Φf of  such  photodamages.  Second,  the  TTA
photoreaction is intrinsically less efficient than the CTD photoformation, since a completely non-
reactive MECP for TTA has been characterized to be practically degenerate with the lowest MECP,
while for CTD such a non-reactive region is placed 0.71 eV above the MECP. In agreement with
such a model is the fact that the Φf of TTA is an order of magnitude lower than the Φf of CTD.18,19

Figure 3. a) Schematic representation on the CASPT2 CI seam leading to the thymine-thymine (6-
4) adduct; b)  Schematic representation on the CASPT2 CI seam leading to the cyclobutane thymine
dimer.



Summarizing, a model based on CASPT2 characterizations of the seam of intersections has been
presented here. The model, pictorically represented in Figure 3, provides an intrinsic justification of
the low quantum yield of formation of the cyclobutane thymine dimer and the thymine-thymine (6-
4) adduct photoproducts, and qualitatively explain the one order of magnitude difference in their
quantum yield of formation. The limitations of the present treatment should however been kept in
mind. First, the work aimed at depicting the intrinsic properties of the mentioned photoprocess; a
predictable  significant  effect  of  a  surrounding  DNA  environment  is  not  here  taken  into
consideration. Second, as previously stressed, the analysis of the CIs topology is based on a linear
model,  consequently  it  is  only  valid  in  the  vicinity  of  the  CI.  Third,  the  direction  from  the
(S1/S0)mecp-CTD  structure here analyzed (projection of the S1 CASSCF gradient on the CASSCF
intersection space) in order to explore the CI seam in search for a completely non-reactive CI point
(indeed found in the (S1/S0)ci-CTD structure) does not guarantee the absence of other completely
non-reactive CI points lower in energy, present along a different direction. A lower completely non-
reactive CI point has however not been found here. Moreover, along the analyzed direction, it is
possible to observe how the topology of the CI is gradually changing from bifurcating to single-
pathed (Table S1). Despite these limitations, the obtained picture, which is in qualitative agreement
with the experimental Φf , speaks in favor of the reliability of the analysis.
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