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The goal of this study is to explore the photochemical processes following optical excitation of the glycine
molecule into its two low-lying excited states. We employed electronic structure methods at various levels to
map the PES of the ground state and the two low-lying excited states of glycine. It follows from our calculations
that the photochemistry of glycine can be regarded as a combination of photochemical behavior of amines
and carboxylic acid. The first channel (connected to the presence of amino group) results in ultrafast decay,
while the channels characteristic for the carboxylic group occur on a longer time scale. Dynamical calculations
provided the branching ratio for these channels. We also addressed the question whether conformationally
dependent photochemistry can be observed for glycine. While electronic structure calculations favor this
possibility, the ab initio multiple spawning (AIMS) calculations showed only minor relevance of the reaction
path resulting in conformationally dependent dynamics.

1. Introduction A known photochemical behavior of amines and carboxylic

In recent years, a great deal of attention has been paid to theaCids may provide us with a hint to the possible pathways. The

photochemistry of nucleic acids and their molecular components.firSt u[traviolet absorption band of amines involves gxcitation
Concerted experimental and theoretical effort has been madeOf a nitrogen lone pair electron to a 3s Rydberg orbital. In the
to reveal the mechanism of DNA photostability and radiation excited state the molecule can decompose via various channels,

rotectiont2 State-of-the-art tr xperiments in the @mong which N-H bond dissociation is dominant, accounting
protection® State-of-the-art spectroscopy experiments © for more than 75% of the yielt#:~16 The theoretical work

h ing i , -enhanced multiphot R\ ; . .
%ﬁ'z‘;t%?qe ?;E,?A Pllj)orng: cr][ii)en re;so nv?/r(;lcle ;‘n IaRr/]l(f/ g]:u gl)e_o Os owed that the excited-state potential-energy surface (PES) with
' respect to the NH coordinate is characterized by a small barrier

resonance spectroscopy have provided new insight into the t 2 shorter dist d ical int i ith th d
photochemistry and photodynamics of the nucleob&seghe at a shorter distance anlsa conical intersection with the groun
state at a larger distanée!®The excited-state products lie above

experiments have been accompanied by theoretical investiga o X o
P b y 9 the excitation energy; thus, the dissociating molecules are

tions utilizing the whole toolbox of computational chemistry f led th h th ical int tion to th d stat
ranging from quantum chemistry to quantum dynanfics. unneted through the conical intersection to the grounad state.
In the case of acetic acid, its photochemistry is complicated

The photochemistry of proteins, peptides, and amino acids, q I ch | full q q H
however, has not been as extensively mapped out. The reasof"d not all channels ‘are fully understood at present. The
is that amino acids are generally poor chromophores, which photochemical reactions have been the subject of numerous

makes the experiments more demanding. The photochemistrye)(pe”menta_I investigatiohs 22 and theor_etlcal studief; 20

of amino acids and proteins also does not interfere with their Those experiments revealed_that t_hg d°m.'”ar.“ pathway fer CH

biological function as much as in the case of nucleic acids. COO.H is the G-OH bond dissociation yleldmg G0 an.d
Peptides, on the other hand, can also undergo interestingOH (in the range of 206220 nm). According to the theoretical

photoactivated processes. In the case of glycine trimer angcalculations the first excited state is a &~ 77*co character.

pentamer, for instance, the suggested excited-state deactivatior!l: rom this state there are three possible radlatlonless routes:
mechanism is strikingly similar to that found in nucleic aci@is. internal conversion (IC) to the ground state, intersystem crossing

It is, of course, still possible that the proposed mechanism (I5C) to the Iogvest triplet state o an_d direct dissoci_ation on
represents only a minor reaction channel. Unfortunately, eventhe 3 s_urfacez. The S/, crossing pointwas ascertained to be
glycine trimer is conformationally too complex to be able to higher in energy than both tha/$, point and Fhe sqdd[e point
understand all its photochemical detalils. for clea_vage of t_he e_o bond. The g5 crossing pointis al_so

In order to gain insight into the photochemistry of peptides, nearly inaccessible in terms of energy (even with excitation at

we first attempted a theoretical exploration of the simplest 200 pr_n). The T, point hgs a geometry _S|.m|Iar o that O.f the
peptide unit-glycine S; minimum, and the barrier for the transition from#® T, is
' approximately 0.3 eV (approximately 0.4 eV lower than the
*To whom correspondence should be addressed. E-mail: pavel. ba_r”er fc_’r direct dissociation on;*3 Even _thOUgh ISC is a
hobza@uochb.cas.cz. spin-forbidden process, the present calculations suggest that ISC
T Academy of Sciences of the Czech Republic and Center for Biomol- competes with the Sdirect dissociation reactiott
ecules and Complex Molecular Systems. . . . . ’
*Institute of Chemical Technology. Amino acids contain both amino and carboxyl groups. The

8 Institute of Physics. dynamics can thus be dominated by either ultrafast processes
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A oo /lgl L2412 B l.Ol/L;l]l_[' 269 interaction betwee_n nuclei is preferably calculated at the ab initio
—N" 5 N L level on the fly. Since fully quantum treatment of the nuclear
,AA 1250 //1.209 1.448\\ 1129 /1355 dynamics within the ab initio context is obviously impractical,

\Cﬂ@//im ‘_}Cl-SlS@ézz.g semiclassical approaches have to be utilized. Among these, the
e 1!1 neoN—X L8 H 1‘1 RRETN surface hopping algorith? 52 and Ehrenfest dynamig&®4are

the most frequently used. Implementation of Tully’s algorithm
Figure 1. Geometries of the ground-state minima for conformers i the framework of CarParrinello molecular dynamics has
A and B computed at the MP2/cc-pVTZ level. been reporte&:56 Even though these methods are suitable for

lting f h . £ 1h . h the description of many systems, they sometimes provide poor
resulting from the properties of the amino group on the one ¢ its due to an insecure theoretical basis and slow conver-

hand or slow processes due to the carboxyl moiety on the Other'gencé7 In this study, we employed the full multiple spawning
Even such a simple molecule as glycine has a rather rich (FMS) method of Maftiez and Ben-Nufg-6° Some details of
conformational space in the ground state. As will be discussed ;g approach are briefly discussed in section 2.
in section 3, glycine is a floppy molecule with different  the paper is organized as follows: In Computational Methods
hydrogen-bonded patterns for different minima (see Figure 1 gection the employed computational tools are discussed. It is
and Figure 1S). Although the interconversion barriers for glycine flowed by the Results section in which the detailed results
are low (about 1 kcal/mol, 0.04 E\ZZ’" is possible to detect  gre provided. In the Discussion section the possible reaction
various conformers experimentafy>°At the same time, some  yaih\ays are revealed. The investigation of the possible reaction
of the photochemical processes in glycine are expected to 0CCUlhannels from the ab initio molecular-dynamics point of view

on a femtosecond time scale. The photochemical dynamics injs a1s0 provided in this section. Finally, the main points of the
this case are then highly nonstatistical. Therefore, we addressecgtudy are summarized in the Conclusions section.

the question of whether conformationally specific dynamics can .
be observed after photoexcitation. For some conformers one of2. Computational Methods

the amino-group hydrogens is located between the nitrogen and  Electronic Structure Methods. The electronic structure
the carbonyl oxygen. This would suggest a possibility of methods for the rigorous description of the PES need to be
intramolecular excited-state hydrogen transfer, which is closely flexible enough to accommodate the multiconfigurational
analogous to the hydrogen transfer described for a glycine character of the wave function in regions far from the Franck
trimer. For other conformers the same process would require acondon (FC) points. It is crucial especially when the breaking
considerable conformational change in the excited state thatof bonds or bond rearrangement occurs. This is supposed to be
would presumably occur on a larger timescale. This type of the case with glycine photodynamics.
behavior has been previously reported by Gerber et al. in the  The CASSCF method is the cheapest method that fulfills these
case of photoionization of glycirfé. requirements. In our study, the CASSCF method was chosen
Electronic structure theory methods have been widely used as an efficient tool for mapping the topography of the PES.
overthelastyearstoreveal photochemical reactionmechaffisths.  Over the years, the geometries obtained by CASSCF have been
Recently, these studies have been moving from single moleculesproven to be accurate. This method is also the method of choice
to reactions in a condensed ph#s¥ or in a protein  for dynamical calculations. A reliable CASSCF active space
environmeng® 41 has to be designed in such a way that (i) it provides accurate
Quantum chemistry is a basic tool for understanding photo- results in the FC region, (ii) it is consistent with the benchmark
chemical mechanisms. With the use of electronic structure values obtained by MRCI and CASPT2 for barrier heights and
methods it is possible to locate minima, transition-state struc- energies of the crossing points, and (iii) it is stable and efficient
tures, and (conical) intersection seams, which play a major role in dynamical calculations. The best active space does not have
in photochemical mechanisrfs:#4 A whole range of theoretical ~ to be necessarily the most chemically intuitive or largest
methods describing excited states exf8tSome of these  possible. It is, however, necessary to mention that the correct
methods, e.g., time-dependent DFT of CC2, are highly accuratepicture is the one obtained by employing both large active space
for a comparatively low computational price. However, the and correlation effects.
scope of these methods is often limit€d’ To describe The survey on energies of the FC point and various important
consistently the whole relevant potential-energy surface (PES), points on the PES obtained using different active spaces and
including regions of conical intersections, multireference-based methods is provided in Tables 1 and 2. According to these data,
methods have to be employed. Among these the complete activethe active space that has best met all the requirements is the
space (CAS) SCF method represents the essential minimum forCAS(6/7) using the basis defined below. This active space
at least a qualitative description of the PES. To verify the containing in the FC pointrco, the lone pair on nitrogen and
CASSCEF calculations, it is necessary to include dynamical carbonyl oxygenrco* and three Rydberg orbitals provides
correlation. This can be done at the multireference configuration correct qualitative results in all relevant parts of the PES. For
interaction (MRCI) level or in a less demanding way via second- most of the results there is also a reasonable quantitative
order perturbation theory (CASPT#4° agreement with the more accurate CASPT2 and MRCI results.
Quantum-chemical calculations have two major drawbacks. In the terminology we used in this paper SA-3-CAS(6/7) denotes
First, they only provide local information about the PES, which full ClI in the active space containing six electrons in seven
is a complicated multidimensional function of nuclear coordi- orbitals. The orbitals are optimized to minimize the state-
nates. As we are limited to low-dimensional cuts of the PES, averaged energy of the lowest three singlet states.
the proposed mechanism may be governed by our prejudice. In order to refine the energetics, we traced the PES along
Second, no direct information on the duration of the photo- the paths predicted by CASSCF employing the CASPT2 and
chemical process is acquired from quantum-chemical calcula- MRCI methods. In this way we were also able to control the
tions. By solving equations for the motion of atomic nuclei, consistency between the accurate results from MRCI and
i.e., by performing molecular-dynamics simulation, it is possible CASPT2 as well as the dynamical results obtained at a lower
to circumvent these two limitations. The PES describing the level of theory.
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TABLE 1: Vertical Excitation Energies (in eV) for function in thel™ electronic state in a form of an adaptive basis
Conformers A and B Using Various Levels of Theory set of moving Gaussian functions
A B
- 3 - 3 Ni(t)
No—m MN—oS hh—m NN — oS L\ | Irip. ! D! | |
2 2 1 2 1 uRY = G (t)Gj R R ®, P, ®, Yj ®, O )
CASSCF(6/6) 6.21 6.58 6.43 6.59 =
CASSCF(6/7) 6.22 6.35 6.22 6.60 ~
gﬁgggi(i‘@)lo 65%3 2-%12 %-%52 %-221 These functions are parametrized by mean posit®nand
( ) : . : y momentum ) vectors which evolve according to classical
CASPT2(6/6) 5.73 6.05 5.79 6.00 ! f . ian f . furth ified
CASPT2(6/7) 573 5.99 5.79 5.99 equations of motion. Gaussian functions are further specifie
CASPT2(8/8) 5.71 6.15 5.70 6.02 by a width a (held constant in our calculations) and phase
CASPT2(10/10) 5.85 6.05 5.72 6.14 (calculated in a semiclassical way). The time evolution of
gESC'L(%%NO LR 6.04 6.27 6.06 6.33 complex expansion coefficients in the expansion into the
CCSD/aD(Ty 5 88 6.09 Gaussian basis set is determined using the time-dependent

Schrainger nuclear equation. In this way, the method is exact
3The basis set employed in all the calculations was 6-31G* in the limit of the infinite basis set. At the same time, only
augmented by diffuse and polarization functions on the hydrogen atoms o] information (i.e., energies and gradients) is needed for the
of the amino group. The experimental excitation energy refers to the .., .,jation using a saddle-point approximation for evaluating

vacuum UV spectra of a series of palyamino acid)s, ref 70. i el Thi . - j ible d h

b Reference 72¢ Reference 71. matrix elements. This approximation is possible due to the
localized nature of the Gaussian basis. This allows avoidance

£f the tedious preparation of analytically interpolated PESs.

difficult task. On one hand. the basis set should contain Gaussian localization also leads to practically linear scaling of
polarization and diffuse functions for-A\H bond dissociation ~ the method, where the number of the basis set for the matrix

(the hydrogen-transfer channel leads to the identical requirement€/ément between distant Gaussian functions can be neglected.
on the basis set) to be described correctly and, on the other, To account for nonadiabatic transitions, we need to trigger a
suitable for efficient and stable dynamical calculations. The next "eW {rajectory on the PES of a different state whenever
requirement is also a reliable physical justification. As larger nNonadiabatic matrix elements between the parent state and some
basis sets combined with a relatively small active space can©ther state exceed a certain value. This procedure is called
lead to spurious effects due to unbalanced description. We used SPawning”. The basis set thus expands adaptively throughout
the 6-31G* basis set augmented by diffuse and polarization the _S|mulat_|on. The_ newly created ba_S|s is coupled to gll other
functions on the hydrogen atoms of the amino group. The resultsPasis functions. This enaples po_pulathn transfer_. Details of the
obtained with this basis set are quantitatively the same as thosd MS method together with a discussion of various technical
obtained by employing 6-31G** augmented by diffuse and 'SSUes can be found in a number of review artléFE_éf? o
polarization functions on a nitrogen atom or aug-cc-pVDZ with ~ SiNce we simulate a system at 0 K, it would be in principle

added s and p diffuse functions with a coefficient of 0.02 on a POSSible to run merely a single FMS simulation with a wave
nitrogen atom (as used in the work of Domcke and Sobo- function expanded over a large number of Gaussian functions

lewskF). The latter-mentioned basis sets, however, led to which mutually interact. Instead, for practical reasons, we
instabilities when the PES was scanned. The results obtained®@mPled the initial wave function using a Wigner distribution
by employing our basis set are also in agreement with the resultsCf @ ground-state vibrational wave function. Various trajectories

obtained using differently constructed basis set by other then evolve independently (but spawned trajectories are still
authors’1.72 coupled to the parent trajectories). A velocity Verlet algorithm

So as to trace the PES, we located minimum-energy structures/Vith & time step of~0.25 fs was used as an integrator, with the
and minimum-energy conical intersections (MECIs), which was total time of the simulation being 500 fs. The widths of the

in both cases done using the CAS(6/7) wave function with the Gaussian functions were chosen to be 6 bélior hydrogen
algorithm as implemented in MolPro, a package of ab initio 2t0mMs and 30 boh# for all heavy atoms (C, N, O). We sampled

programs2 In order to gain more insight into the character of POth the $ and the 3 state because they are close in energy

the PES between the FC region and MECls we performed linear 10 initial Gaussians for each state and conformer. The initial
interpolation of coordinates (LICC), which was done in Car- narmonic wave function (i.e., vibrational frequencies) was
tesian space after the two structures had been suitably orientedSalculated at the MP2 level of theory with the cc-pVTZ basis
The interpolation in internal coordinates was done with the aim S Initial positions and momenta were obtained by a Monte
of checking whether the shape of the curves was not an artifactCar10 sampling of a corresponding Wigner distribution. In the
of interpolation in Cartesian space. We also performed a relaxedCalculations the CAS(6/7) wave function and basis set 6-31G*
PES scan. In this case, the driving coordinate remained fixed 8gmented by diffuse and polarization functions (6-315**)
while all the remaining degrees of freedom were optimized. ©N the hydrogen atoms of the amino group was used.

All ground-state geometries were calculated at the MP2 level ~ 1h€ dygammal calculations were performed with the FMSMol-
with the cc-pVTZ basis set, and this was the same level as thatPro C0d€;*a synthesis of an FMS dynamical code and MofPro.

used for evaluation of ground-state harmonic vibrational fre-
qguencies in dynamical calculations.
All the presented electronic structure calculations were carried  Conformational Space of Glycine.Great experimenta2°
out using the MolPr&? and theoretical %4 effort has been made to fully describe the
Dynamics. We used the full multiple spawning method to conformational behavior of glycine. The flexibility of the
perform dynamical simulations. In this approach the nuclear molecule leads to a large number of rotational conformers that
wave function is treated explicitly and nonadiabatic effects are very close in energy and separated by small interconversion
leading to population transfer between electronic states are takerbarriers. The structures together with relevant geometrical
into account. The FMS method expresses the nuclear waveparameters are depicted in Figure 1 (A and B) and Figure 1S

In this particular case, selection of the basis set represents

3. Results
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TABLE 2: Energies (in eV) of Important Points on the PES for Conformers A and B Calculated at Different Levels of Theory

A
adiab. exc. § Si/Sy C=0 stretch MECI FSSNHD MECI SI/SyHT MECI
CASSCF(6/6) 3.75 7.96 5.79, 5.88 4.83
CASSCF(6/7) 3.89 8.29 5.08,5.24 4.54
CASSCF(8/8) 4.03 6.40 4.55,4.91 4.64
CASSCF(10/10) 2.98 8.02 4.17,4.25 5.18
CASPT2(6/6) 4.70 7.18 4.96,5.10 4.99
CASPT2(6/7) 4.69 7.15 4.73,4.76 4.89
CASPT2(8/8) 4.71 5.01 4.98,5.13 5.06
CASPT2(10/10) 4.65 7.18 5.25,5.30 4.83
MRCI(6/6) 4.61 7.36 5.40, 5.57 4.80
B
adiab. exc. $ C=0 stretch MECI NHD MECI
CASSCF(6/7) 3.29 7.10 5.13,5.53
CASPT2(6/7) 4.61 6.81 5.02, 5.06
MRCI(6/6) 4.57 6.87 5.14,5.48

a All calculations were carried out on the geometries obtained by SA-3-CAS(6/7)SCF optimization or the conical intersection search using the
same wave function. In all cases, the combined basis set (6-31G* augmented by diffuse and polarization functions on the hydrogen atoms of the
amino group) was employed.

(C and D). Structure C represents the global minimum, and which yields results closer to the MRCI method); the CASPT2
structures A, B, and D are the lowest energy conformers. The method, on the other hand, underestimated the values when
interconversion barriers to the global minimum are within the compared with the MRCI method. For conformer D the
range 0.0+0.12 eV (0.23-2.69 kcal/mol) at the MP2/aug-cc-  difference between the CASSCF and the more accurate CASPT2
pVDZ level and published in ref 27. and MRCI energies is the greatest (see Table 1S).

There are three types of hydrogen bonds in the glycine Values of oscillator strengths found in the literature vary,
molecule: N-H--:O=C (conformers A and conformer C), ranging from 0.001 and 0.005 for the two lowest-lying states
N—H---O(H)—C (conformer B), and N-H—O (conformer D). in the work by Serrano-Andeeet al’?to 0.00053 and 0.01247
For further mechanistic study we considered two conformers in the work by Osted et dk On the basis of our calculations
A and B—the details are explained bellow. the transition dipole moments of the two lowest-lying states

Vertical Excitation Energies. Experiments on glycine inthe ~ should be similar as a result of the partial mixing of the states
gas phase have not been reported yet to the best of ourmentioned above. Partial mixing of transitions was also noticed
knowledge. In the literature, the spectra of aliphatic amino acids by Osted et al! In order to provide a correct picture of the
in solutiorf566and thin layers of amino acids and their di- and processes taking place after excitation, we investigated both
tripeptide§” have been presented. The CD spectrum of several states, and these states were also populated in dynamical
amino acids was measured by Snyder &8 allcMillin at al.6° calculations.
reported the vacuum ultraviolet spectra of a series of pely( The adiabatic excitation energies of the lowest excited singlet
amino acid)s; far ultraviolet (down to 115 nm) absorption spectra states are shown in Table 2 (for conformers A and B). The
were recorded by InagaKi. Electronic spectra of gas-phase MRCI and CASPT2 results are comparable and agree well with
glycine have been analyzed theoretically by Osted él ahd the values obtained for acetic aétiThe CASSCF method, on
Serrano-Andre et al’? In these theoretical papers only one the contrary, yields results systematically underestimated by
conformer was taken into account. These results are providedabout 1 eV.
for the sake of comparison in Table 1. Excited-State Potential-Energy Surfaces of GlycinéWVhile

The vertical excitation energies for conformers A and B are examining the processes following photoexcitation of glycine
collected in Table 1. The results for conformers C and D are we restricted our attention to two of the conformefsand B.
provided in Table 1S. The lowest state is known to be tge n  For conformers A and C the possibility of hydrogen transfer
— 7* co transition from the lone pair localized on the carbonyl was anticipated. The NH---O distance is, however, shorter in
oxygen atom to ther*co antibonding orbital. The excitation  the case of conformer A than in conformer C, which makes the
energy is almost the same as in the case of carboxylic acidsconditions for hydrogen transfer in conformer A even more
(5.88 eV according to Osted et dland 6.06 eV according to  favorable than in C. Note, however, that important parts of the
our calculations for glycine; 5.98 eV for acetic acid according excited-state PES were identical for both conformers. As a result,
to Osted et all). The second lowest state is calculated to be of the dynamical behavior is similar too.
ny — 3s character. The experimental value in Table 1 refersto  For conformers B and D, on the other hand, hydrogen transfer
the vacuum ultraviolet spectra of a series of pakgmino would have had to be preceded by a considerable conformational
acid)s’% As the two lowest-lying states are close in energy (see change. Therefore, for further study, we selected conformer B
Table 1), the transitions are found to be of a partially mixed as a structure whose hydrogen-bond pattern eH\-O(H)C
character. type is not suitable for hydrogen transfer. Both conformers B

From Tables 1 and 1S it is clear that the vertical excitation and D would serve for comparing the photochemical behavior
energies are dependent on the conformation. The results obtaineéh the same manner; however, conformer B showed a better
with the aid of the methods, which include dynamic correlation, numerical stability when calculating the whole potential-energy
are different from the CASSCF results with various active surface and subsequent dynamics.
spaces. In general, the CASSCF values are higher than the The geometries of the most important points on the PES
MRCI values (with the exception of the 10/10 active space, obtained at the CAS(6/7) level are summarized in Figure 2. The
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Figure 2. Geometries of important points on the PES for conformers A and B. The structures were optimized at the CAS(6/7) level using the basis
set 6-31G* augmented by diffuse and polarization functions on the hydrogen atoms of the amino group.

energies of these points on the PES calculated for both conformers A and B, respectively). The global minimum on
conformers at various levels of theory are presented in the nt* state, unlike in the ground state, is of a B-structure
Table 2. The energy differences between these points on thetype (labeled as B Sminimum in Figure 2). At the MRCI(6/6)
PES of conformers A and B obtained at the MRCI(6/6), level the global minimum is more stable than the*sstate
CASPT2(6/7), and CAS(6/7) levels of theory are schematically minimum for conformer A-by about 0.04 eV (1 kcal/mol). The
depicted in Figure 3. interconversion barrier between tha*astate minima of con-

As previously mentioned, the first transition is dominantly formers A and B is less than 0.16 eV (4 kcal/mol) at the MRCI-
of no — m*co character in the FC region. Promotion of one (6/6) level.

electron to ther* co antibonding orbital gives rise to pyrami- The nt* diabatic state is connected to the State via a
dalization of the carboxyl heavy-atom backbone areCChond conical intersection seam with a stretcheg@ bond. The g
elongation (1.22 A in the ground state+d..40 A in the mr*- S MECIs for the G=0 stretch (GO MECIs) between the

state minimum). The a*-state minima for conformers A and  ground state and st state are presented in Figure 2 for
B are presented in Figure 2. The geometries of the carboxyl conformers A and B (the structures marked as( stretch
moiety presented in Figure 2 are similar to the*sstate MECI). The G=0 bond is elongated t6-1.65 A. The heavy-
minimum found for acetic aciéf Extensive geometrical changes atom backbone of the carboxyl group is extensively distorted
are reflected in the difference between vertical and adiabatic when compared to 155, MECI in acetic acid. At the MRCI-
excitation energies (1.43 and 1.49 eV at the MRCI level for (6/6) level the G=O stretch MECIs are 2.75 and 2.30 eV higher
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Figure 3. Diagram of energy differences for important points on the PES obtained at the MRCI(6/6) and SA-3-CASSCF(6/7) levels for conformers
A (a) and B (b). Zero is defined as the energy of the ground-state minimum of appropriate conformer. The black line denotes the groynd state S
the blue line is § and the red line is S
in energy (for conformers A and B, respectively) than th#&-n higher for conformers A and B, respectively, than the&-state
state minima and 1.32 and 0.81 eV (for conformers A and B, minima (of conformers A and B). This might suggest that the

respectively) higher than vertical excitation energiesi¢sge ISC from the $to T; states can occur to a noticeable extent.
Figure 3). At the CAS(6/7) level the energy difference between  The nz* state correlates adiabatically with the ground-state
the nr*-state minima (for conformers A and B) and the=O fragments NHCH,CO and OH in a manner similar to acetic

stretch MECIs (for conformers A and B) are even bigger, which acid. The transition state for the-©(H) bond cleavage has

is a result of the overstabilization of therfistate minima at the C-O(H) bond length of 1.753 A (structure not presented),

the CASSCEF level. so the bond is nearly broken. The energy of the transition state
As in the case of acetic acid, therfistate minima (of is 0.94 eV above thest-state minimum for conformer A at

conformers A and B) have a very similar geometry to thd S the MRCI(6/6) level.

crossing points (for conformers A and B, see Figure 2). The The character of the,State in the FC region isyt— 3s. As

energies of the #T; crossing points are only 0.31 and 0.22 eV the N—H bond stretches, the original Rydberg 3s orbital mixes
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with the N—H o* orbital and the character of the state changes a)

to ny — o*. For both conformers the;State is in the FC region . "
in proximity to $/S; MECI, which is also a minimum on the 2 8./8,
S, PES. The geometries of the/S; MECIs are depicted in ~—— X /

Figure 2 (for conformers A and B). The amino group is planar, 6
which is in agreement with the photochemical behavior of alkyl
amines. The relative energies of thgS MECIs (for conform-
ers A and B) are collected in Figure 3. Thgg MECls are at
the MRCI(6/6) level only 0.02 and 0.07 eV (for conformers A
and B, respectively) lower in energy that the @ertical
excitation energies (for conformers A and B). 2
A wave packet prepared in the State by optical excitation
splits at the gS; MECI between the m* and rno* states. It is N
known that the o* state is dissociative with respect to the-N 1 L 1 1 1 1
bond. The N-H bond lengthening can result in two processes: 1.0 2 ol 15 3
(i) N—H bond dissociation and (ii) hydrogen transfer to the N-H distance [A]
carboxyl group (if the hydrogen-bond pattern is suitable, as is

the case of conformer A). Both routes are barrierless when ) 5
starting from . SJS C=0 MECI
In the case of N-H bond dissociation, theat state correlates 7 Z : Z
Slharrier for C-0 dis
A

Energy [cV]

Spmin
biradical

with the ground-state product§ H and NH-CH,COOH. The P
structures of the $5 MECIs for N—H bond dissociation (NHD o
MECI) are depicted in Figure 2 (for conformers A and B), and £
the energies are summarized in Table 2. The relative energies Ea
of the NHD MECIs (for conformers A and B) are presented in &
Figure 3. For each of the conformers A and B one structure 3
was located in which the dissociating hydrogen was oriented
toward the carboxyl group and one in which the outgoing
hydrogen atom pointed to the opposite side (see Figure 2). The 1
latter one was energetically more stable by 0.17 eV for \
conformer A and 0.34 eV for conformer B (at the MRCI(6/6)
level). The structures of NHD MECIs are characterized byHN Pyramidalization of COOH and C=O stretch
bond lengths ranging from 1.8 to 2.0 A. The Ngtoup is planar Figure 4. lllustration of possible photochemical processes: (a) possible
in all cases. The NHD MECI geometries are in good agreement pathways in the o* state leading to the HT MECI or NHD MECI; (b)
with the data calculated for simple alkyl amines. At the MRCI- possible channels in thezt state.
(6/6) level, the NHD MECIs are lower in energy than the vertical
excitation energies by 0.64 and 0.47 eV for conformer A and The initial wave packet is then funneled to the s$ate. This
0.92 and 0.58 eV for conformer B. process is supposed to happen on a femtosecond scale. The wave
The hydrogen-transfery& MECI (HT MECI) also repre- packet is consequently divided and evolves on thestate
sents one of the;Socal minima. The structure of the HT MECI  having either g — o* or no — zco* character (see Figure 4).
is depicted in Figure 2. Only conformer A has a suitable When excited to the state, the initial wave packet is putin
hydrogen-bonding arrangement in this respect, whereas con-the proximity of the &/S; MECI, which also represent the; S
former B would have to undergo a substantial conformational state minima for both conformers A and B. When passing
change to reach the crossing point. The energy of the HT MECI through this region the initial wave packet can again be divided
is at the MRCI(6/6) level 1.24 eV lower than the vertical into a part evolving on the,;State having 8 — co* character
excitation energy necessary to reach thesgte. It is also ~ and a part evolving on the state havingr o* character (see
0.19 eV higher than thest-state minimum. The route for ~ Figure 4). Part of the wave packet can be temporarily trapped
conformer A from the n*-state minimum to HT MECI is  on $ when passing through the/S; region.
accompanied by a barrier. The transition point is at the MRCI- ~ The processes in theoh state will be discussed first. All
(6/6) level 0.43 eV higher than thertvstate minimum. The  graphs in Figure 5 are given for conformer A because the
HT MECI correlates to two ground-state produethe global profiles for conformer B are fundamentally the same fori
minimum and a product with the transferred hydrogiti— dissociation and €0 stretching (there is no hydrogen transfer
CH,—C(s)(OH), biradical. The latter one is a metastable in the case of the B conformer). Since the state is dissociative
structure which is 3.85 eV higher in energy than the ground- Wwith respect to the NH bond, N-H bond elongation results
state global minimum (at the MRCI(6/6) level). in either dissociation of the NH bond or hydrogen transfer
(see Figure 4). In the case off bond dissociation the wave
packet is funneled through the/S, crossing point to the ground
Possible Photochemical PathwaysThe major features of  state. The mechanistic paths constructed by LICC between the
the PES are schematically summarized in Figure 4. FC point and the NHD MECI (lower in energy for conformer
On the basis of the previous results, possible photochemical A) at the MRCI(6/6) level are depicted in Figure 5a. The FC
processes can be proposed. Since tharl S states are close  region (with the N-H bond of a length of 1.001 A) is in
in energy in the FC region, the photochemical routes starting proximity of the $/S; crossing point. There is a barrier on the
from both states are discussed. interpolation curve between the FC point and the NHD MECI.
After optical excitation to the Sstate the wave packet The position and height of the barrier is independent of whether
approaches the,Sminimum, which is also the &5, MECI. we interpolated in internal coordinates or Cartesian space. When

1 ~09eV
$ ~03eV

—

4. Discussion
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a)

dissociation reaction is completed. The dissociation process is
supposed to occur on a femtosecond timescale.

As mentioned before, NH bond elongation can also result
in hydrogen transfer to the carboxyl group. The reaction path
obtained by the LICC between the FC point and the HT MECI
(conformer A) is depicted in Figure 5b. Like in the case ofi
bond dissociation, the HT MECI is behind a barrier on the
interpolation curve. The barrier also vanishes (the dotted line
in Figure 5b) if the LICC is performed between the FC point
~—— and the optimized structure corresponding to the top of the
o9 s 128 I3 165 145 barrier (with the H-O distance being 1.7 A). It again suggests

e s a barrierless route for this reaction. The products resulting from
funneling of the wave packet through the HT MECI can be

b) ? \ either the ground-state minimum or thleH—CH,—C(e)(OH),
. k }_{ biradical (see the second part of Figure 5b). Only the A-type
’ ) structure has a suitable hydrogen-bonding arrangement for this

. process. Since the photodynamical process is supposed to be
ultrafast, interconversion between the A and B type of structures

] would thus not be observed and the photodynamics would be
conformationally dependent.

The processes in therh state of glycine to a large extent
parallelize the acetic acid behavior. Excitation into the*
| 5 antibonding orbital causes pyramidalization of the carboxyl
heavy atom backbone and elongation of tre@bond, which
is characteristic for the at-state minima. The €O stretch
7 MECIs structures are different from therfistate minima and
energetically inaccessible (being more than 1 eV higher than
260 S R i the $ vertical excitation energies). The interpolation between
H-Odistance [A] the FC point and the €0 stretch MECI at the MRCI(6/6) level
intétpolation;coordinate is given in Figure 5c. The reaction pathway between the FC
point (for the G=0 bond with a length of 1.209 A) and the
C=0 stretch MECI is ascending. The same is true for the
reaction path between therfistate minimum and the €0
stretch MECI (the dotted line in Figure 5a). Decay via the HT
MECI or the NHD MECIs is certainly possible, but both
processes are accompanied by a rather high barrier (see
. Figure 3).
1 Like in the case of acetic acid, there are two more processes
7 that can play a role in theat state: ISC to the lowest triple
state and direct €0 dissociation on the PES of therhstate.
T i - . Even though them*-state minima (for both conformers A and
€O distance [A] B) and the T, structures (for conformers A and B, see
_ _ nierpolation coordinate. ~ Figure 2) are close in conformational space and energy, the
Figure 5. Interpolation between the FC point and the MECIs (solid 1 rqcess is expected to be rather slow. A detailed investigation

lines): (a) N-H bond dissociation, (b) hydrogen transfer, and (c) . -
C=O0 stretch and pyramidalization of the carboxyl group at the MRCI- of the ISC processes and processes taking place in the lowest

(6/6) level. Thex axis represents the interpolation coordinate (in the triplet state is not within the scope of the presented study. These
pictures, the interpolation coordinate is accompanied by the most processes occur well above the femtosecond time scale. Direct

relevant bond length). The black curve denotes the ground sgate S dissociation of the €0 bond on the n*-state PES is an over-
the blue line is § and the red curve is,SThe dotted line is the  the-barrier process (the height of the barrier is 0.94 eV). After

imerpo'a“%f‘ betwﬁe” thef ';C bPOi_”t ﬁ”dhthe Opti?‘:azer? structure quenching to theas*-state minimum basin the further processes
corresponding to the top of the barrier. In the case of b the picture is : :
divided into two parts, each having different interpolation coordinates. possible are expected to be comparatively slow.

The first part shows the interpolation between the FC point and the ~ Reaction Pathways from ab Initio Dynamics.The static
conical intersection; the second part is between the conical intersectionab initio calculations discussed in the preceding sections have
and the optimized Sgeometry with the transferred hydrogen. Al provided suggestions about possible photochemical routes. We
interpolations are for conformer A. identified ultrafast processes that can take place after excitation
the LICC between the FC point and the optimized structure to the two lowest-lying states. To obtain a more detailed picture
Corresponding to the top of the barrier (Wlth the-N distance of the phOtOChemical processes, we Complemented the ab initio
being 1.45 A) is performed, the LICC curve becomes barrierless calculations with ab initio molecular-dynamics simulations.
(see the dotted line in Figure 5a). The difference between the In particular, we addressed the following questions: (i) how
two curves (the blue solid line and the blue dotted line, the initial wave packet splits between the*rand ro* states,
Figure 5a) suggests that the processes are not straightforwardii) what the duration of the ultrafast processes is, (iii) whether
and that some rearrangement of the structure is involved. Thethere is any difference between the dynamics starting from the
wave packet can thus be trapped in the entropical bottleneck,S, and S states, and (iv) whether there is any population
and many vibrations can occur in the*nstate before the trapping in the $state. (v) The most tempting question regards

rel. E [eV]

c)

AN

rel. E [eV]
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TABLE 3: Branching Ratio of the Initial Wave Packet (%) 2

A B
S S S S
nzz* minimum 75 90 85 90
N—H dissociation 25 10 15 10
H transfer 0 0 0 0

aThe branching ratio is given for the case when both tharfl $
states were initially populatedzfi minimum refers to the trajectories
that ended in the a* state minimum basin. NH bond dissociation
refers to the trajectories that followed the pathway to the NHD MECI
and H transfer to the trajectories that followed the pathway to the HT
MECI.
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the importance of a hydrogen-transfer channel that would make gjgre 6. N—H bond distance as it evolves in time for 10 representative

the glycine photodynamics conformationally dependent. It is
evident from the ab initio calculations that the hydrogen-transfer
channel is energetically preferred.

The S and S states nearly intersect in the FC region. As a
result, it is difficult to discern to which state the molecule is
promoted after optical excitation. In our dynamical simulations
we therefore populated both states equally (10 initial trajectories
for each conformer.

The results obtained after excitation to thestate will be
discussed first. The AIMS results for both conformers A and B
show that $/S; degeneracy is achieved almost immediately.
Evolution of the $/S; energy gap for conformer A is depicted
in Figure 2S. The decay of the population on theiSvery
rapid. On the basis of the AIMS simulations thesgate lifetime
is less than 100 fs. The region of the crossing point is reache
after the NH group has been planarized. The small population
in the S state at the end of the simulation arises from the
imposed restrictions that the basis can spawn only if the

population exceeds a certain threshold. The population in the

S, state is accumulated within 100 fs. The initial wave packet
is divided into two parts. The majority (90% of the initial wave
function for both the conformers A and B, see Table 3) has n
— mco* character. A major part of the wave packet is directed
to the nr*-state minimum. In the course of our simulation
(500 fs) this part of the wave packet remains trapped in the
n*-state minimum basin, and no further dynamical evolution
of the wave packet has been observed. Note, however, that th
nrr*-state minimum is somewhat overstabilized at the SA3-CAS-

(6/7)SCF level (see Table 2). This disfavors possible decay

channels.

of
)81

trajectories initially placed on;SThe black solid lines represent the
trajectories that followed the NH dissociation pathway. The gray lines
represent the trajectories that followed the path to the-siate
minimum. The dotted line is the NH bond distance when the region
of conical intersection is reached. The data are for conformer A.

time has also been observed. In particular, 5% of the initial
population was temporarily trapped on the Sirface for
10—-20 fs. The time evolution of the NH bond distance is
depicted in Figure 6. NKHgroup vibrations of high amplitude
are characteristic for all trajectories that reached th&,S
intersection region. It can be seen in Figure 6 that several
vibrations occur before the; &, intersection region is reached.
No fundamental difference between the dynamics starting from

dthe S and S states has thus been observed based on the

dynamical results.

We have not recorded any passage through the HT MECI in
our simulations. Neither have we observed the hydrogen-transfer
reaction channel in our extensive test calculations with various
electronic wave functions. Even though the hydrogen-transfer
process cannot be definitely ruled out, it has concerned only a
minor reaction channel. The reason is not based on the energetics
of the reaction but rather on the entropic factor. Indeed, the
phase space volume leading te-N bond dissociation into free
space is seemingly larger than for the hydrogen-transfer channel.
The situation can be very different in a confined protein

Lﬁnvironment.

5. Conclusions
The goal of this study has been to explore the photochemical

The second part (10% for both the conformers A and B, see processes following optical excitation of the glycine molecule

Table 3) is of jy — o* character and evolves in the direction
to the S/ intersection region. It concerns typically—2
trajectories having significant population out ef70 total
spawns. The trajectories reached théSgintersection region
within 400 fs from the beginning of the simulation. At the end
of the simulation the population of they State for both the
conformers A and B was slightly below 10% of the initial wave
function. All trajectories that were spawned onfSllowed the
N—H bond dissociation pathway.

Excitation to the $ state corresponds to promotion of the
system to the state ofon— 7mco* character. The wave packet
touches the $S; MECI, and part of the wave packet is
redirected to the ot state. When populating the; $tate a
slightly larger fraction of the initial wave packet (as compared
to the S$-state population) is ofyn— o* character (25% of the
initial wave function for the A conformer and 15% of the initial
wave function for the B conformer, see Table 3). This part of
the population is completely funneled to the ground state via
the NHD MECI; as a result the NH bond dissociates. The
trapping of some population in the; State for a short period

into its two low-lying excited states. We estimated the reaction
paths connecting these important points. On the basis of the
electronic structure calculations we identified the following
possible dynamical pathways (see also Figure 5).

1. Quenching Into the nz*-State Minimum and Subse-
quent Slow Dynamics.The carboxyl group pyramidalizes and
the C=0 bond is elongated. After thenft-state minimum is
reached, the following processes are possible: (i) IC to the S
state via the €0 stretch MECI, (ii) ISC to the lowest triplet
state, (iii) direct C-O(H) dissociation, and (iv) transformation
into the ro* state. All these are either activated processes with
a barrier exceeding 1 eV or spin forbidden (ISC). Therefore,
these processes do not occur on the ultrafast time scale.

2. N—H bond Dissociation. Acquiring ny — o* character
leads to elongation of the NH bond. If the hydrogen atom
dissociates into free space, the free hydrogen and the remaining
fragment are produced. In the course of the dissociation the
system quenches to the ground state via the NHD MECI.

3. Hydrogen Transfer. The departing hydrogen in therh
state can also be trapped by an oxygen atom of the carbonyl
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group. This process requires suitable steric arrangement, which_ (5) Canuel, C.; Elhanine, M.; Mons, M.; Piuzzi, F.; Tardivel, B.;
is best fulfilled for conformer A. In this case, the population is D'még‘)""At')-oﬁgéf- e e, T B 0T,  oba. P.: De Vries
funneled to the §state via HT MECI. The wave packet splits ;5 proc. Naﬂ?’AC;d_ Sci2005 102, 20. T o ’

at this intersection into two ground-state products: the global (7) Plutzer, C.; Nir, E.; De Vries, M. S.; Kleinermanns, Rhys. Chem.

minimum and a metastable biradical. Chem. Phys2001, 3, 5466.

In summary, glycine photochemistry combines the photo- Eg; gfﬁ:ﬁf?} 'é'r‘;'sAngg:'nz“r:aszo%ooé_1K2§h|§g'ma dav Discuss
chemical behavior of alkyl amines and carboxylic acids. 2004 127 137, P T Y

In the FC region the states are close in energy. Thet&e (10) Serrano-Andg L.; Merchan, M.; Borin, A. CChem. Eur. J2006
is dominantly of B — r* co character and the,State of R — 12, 6559.

o* character. Electronic excitation will presumably populate both 27‘(112%) Langer, H.; Doltsinis, N. LPhys. Chem. Chem. Phy2004 6,

of these states. To evaluate the importance of the proposed (12) Sobolewski, A. L.; Domcke, W.; Hattig, ®roc. Natl. Acad. Sci
mechanisms we performed ab initio molecular-dynamics simu- 2005 102 17903.

lations using the full multiple spawning algorithm. These  (13) Sobolewski, A. L.; Domcke, WChem. Phys. Cher2006 7, 561.
. . . . (14) Gardner, E. P.; McMesby, J. R. Phys. Chem1982 86, 2646.
calculations yielded the following results. (1) The first and (15) Tanaka, N. Oike, J.: Kajii, Y. Shibuya, K.; Nakata, K@hem.

second mechanisms dominate glycine photochemistry. Quench-phys. Lett.1995 232, 109.
ing to the nr*-state minimum appeared to be a dominant route  (16) Michael, J. V.; Noyes, W. AJ. Am. Chem. Sod 963 85, 1228.
for our selection of the electronic wave function (SA3-CAS- ~ (17) bunn, K. M.; Morokuma, KJ. Phys. Cheml996 100, 123.

. . (18) Kassab, E.; Gleghorn, J. T.; Evleth, E. MAm. Chem. Sod983
(6/7)SCF). Dissociation of the NH bond was observed on the 105 1746,
time scale of several hundred femtoseconds. No other dynamical (19) Singleton, D. L.; Paraskevopoulos, G.; Irwin, RJSPhys. Chem
process has been observed for the part of the wave packetl99Q 94, 695. o _ _ _
trapped in the m*-state minimum basin within the time scale Phglzso)l_;ftl‘g%agég's%z Daniel, R. G.; Horwitz, R. J.; Guest, X-hem.
of the simulation. (2) No significant dependence on the initially (2i) Hunnicutt, S. S.; Waits, L. D.; Guest, J. . Phys. Chem1991,
populated state was observed. In other words, the Kasha 95, 562.
Vavilov rule’74was not violated. (3) Mechanism 3 has not __ (22) Zhong, Q.; Poth, L.; Castleman, A. W., Jr.Chem. Phys1999
been observed. Therefore, no conformational dependence wa (23) Fang, W. H.; Liu, R. Z; Zheng, X.; Phillips, D. LJ. Org. Chem
recorded. 2002 67, 8407.

In summary, electronic structure methods at different levels  (24) Nguyen, M. T.; Sengupta, D.; Raspoet, G.; Vanquickenborne, L.

of theory combined with dynamical calculations provide an ©-J: Phys. Cheml995 99, 11883.

B . . (25) Duan, X.; Page, MJ. Am. Chem. Sod 995 117, 5114.
accurate mechanistic picture of glycine photochemistry. Com- (26) Liu, Z. F.- Siu, C. K. Tse, J. £hem. Phys. Let1999 314 317.

bining the CASSCF mapping of the PES with subsequent energy  (27) Bludsky O.; Chocholotisva J.; Vacek, J.; Huisken, F.; Hobza, P.
refinements at the MRCI level proved to be a fruitful approach. J. Chem. Phys200Q 113 4629.

; i ; (28) Suenram, R. D.; Lovas, F.J. Am. Chem. S0d.98Q 102 7180.
The example of glycine also shows that it is potentially 505 = e "0 s "R B ‘Am. Chem. S0d995 117 2019.
important for a certain class of systems to consider entropic  (30) shemesh, D.; Gerber, R. B. Chem. Phys2005 122 241104

effects, e.g., by MD simulations. (31) Computational Methods in Photochemistutateladze, A. G., Ed.;
It would be desirable to extend the present study in several Molecular and Supramolecular Photochemis2§05 Vol. 13.

directions. The next logical step should be to study the (%%)1 Bernardi, F.; Olivucci, M.; Robb, M. AChem. Soc. Re 1996

photochemical behavior of pe_ptides with a more restricted (33) Garavelli, M.; Berbardi, F.; Olivucci, M.; Vreven, T.; Klein, S.;
conformational space. Dynamical calculations with a more Celani, P.; Robb, M. AFaraday Discuss1998 110, 51.
accurate electronic wave function would also be desirable. To  (34) Garavelli, M.Theor. Chem. Ac2006 116, 87.

Ha it (35) Robb, M. A.; Garavelli, M.; Olivucci, M.; Bernardi, Rev. Comput.
fully understand all the details it is also necessary to extend the S 200Q 15, 87,

MD simulations to much larger timescales, e.g., by utilizing (36 Olsen, S.; Toniolo, A.; Ko, C.; Manohar, L.; Lamothe, K.; Maez,
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(37) Punwong, C.; Owens, J.; Mareiz, T. JBiophys. J2005 88, 530A.
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