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Computational details

Trajectories were calculated using the chemical dynamics program VENUS

99 of Hase et al.1, 2 to set up initial conditions, and the Hessian-based predictor-corrector algorithm3
implemented in Gaussian 094 to integrate classical equations of motions, with the Hessian matrix
recalculated every 5 steps.

Trajectories were propagated with a step size of 0.25 amu1/2 Bohr (~ 0.5

fsec), which was small enough for SCF convergence as well as to keep the total energy constant.
guess for each quantum chemistry calculation was obtained from the previous trajectory step.

Initial

Energy

was checked during the simulation to ensure the total energy was conserved to better than 10-4 Hartree.
A quadratically convergent SCF procedure5 was used (i.e. SCF = XQC) in case the usual, but much faster,
first-order SCF method failed to converge within the allotted number of cycles.

Because millions of

gradients and Hessian evaluations were required, the level of theory used for simulations had to be
modest.

B3LYP/6-31G* was chosen as it represented a good compromise between computational

demand and chemistry accuracy.
Batches of trajectories (100 trajectories for each batch) were calculated for the thermal excitation of
G[C – H] and G[C – H]_PT.

Base pairs had zero-point energies (ZPEs) in all vibrational modes

(with a total of 5.55 eV), and were excited to a vibrational temperature of 960 K which equals 3.0 eV of
excitation energy in average.

The excitation energy was randomly distributed among vibrational modes

using the quantum Boltzmann sampling scheme,6
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where i and ni are the vibrational frequency and quantum number of the ith mode, respectively, and Tvib is
the vibrational temperature.

Quasi-classical initial vibrational states were prepared by giving individual

reactant atoms displacements from equilibrium and momenta that are appropriate to the initial
rovibrational state, with random phases for different modes.

Rotational energy was added by sampling

classical Boltzmann distribution at 300 K.
Trajectories for barrier excitation were initiated at the TS and directed randomly towards G[C – H]
and G[C – H]_PT.

Reaction coordinate momentum was sampled using the cumulative distribution

function with the average reaction coordinate translational energy of kBTrc,6
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where R is a random number, and Trc is the temperature chosen for the reaction coordinate.

In this work

Trc was set equal to Tvib. Two activation temperatures, 960 and 1330 K, were used for sampling
Boltzmann distributions of TSs vibrational levels and reaction coordinate energy, which correspond to
total excitation energies of 3.0 and 5.0 eV, respectively.
at 300 K.

Initial rotational temperature for the TS was set

A batch of 100 trajectories was calculated at each activation temperature.

Finally, bimolecular collisions of G[C – H] and G[C – H]_PT with Ar were simulated at Ecol of 3.0
and 5.0 eV.

Because in the experiment deprotonated GC was generated by electrospray ionization and

thermalized to ambient temperature within a guided-ion-beam apparatus, a 300 K Boltzmann distribution
was sampled to generate base pair initial vibrational (ZPE included) and rotational energies.
Trajectories were started with center-of-mass separation of 7.0 Å between the randomly-oriented base
pair and Ar, at which point the interaction between reactants is relatively small.

Relative velocities were

added to the base pair and Ar corresponding to the desired center-of-mass Ecol. Approximately 100
trajectories were calculated for each combination of base pair starting conformation and Ecol. The
purpose of scattering dynamics study was to probe gross features of collisional activation and intra-base
pair proton transfer, thus all trajectories were calculated at an impact parameter b = 0 Å rather than
randomly sampling a range of reactive b.

3
The nature of the base pair reactions and the energy range of interest are ideal for QCT calculations.
The electronic excited states of these systems are high enough to rule out the likelihood of non-adiabatic
behavior, allowing use of a single reference quantum chemistry method.

Thermal excitation and

collision energies are sufficiently large that tunneling should be negligible.

One issue with using the

QCT method is that vibrational energy (Evib) is not quantized in molecules.

Lack of quantization

presumably has an effect on how energy is distributed among vibrational modes.7, 8
dissociation trajectories where the product Evib is below ZPE.

It is possible to have

But such unphysical collisions turn out to

be rare in the present study presumably because trajectories were calculated at high excitation energies,
reducing the errors associated with treating vibrational motion classically.
The random number generator seed used in setting up trajectory initial conditions was identical.
Each batch of thermal excitation and collision trajectories, therefore, used the same pseudo-random
sequence to sample reactant parameters (orientations, rotational and vibrational phases, etc.).

As a

result, it is easy to compare trajectories of different starting structures, temperatures or Ecol, because
corresponding trajectories from different batches have identical initial conditions, apart from the
parameters being varied. The pseudo-random sampling procedure has minimized a potentially serious
problem that may arise when reactivity is sharply dependent on one or more reactant parameters.

By

using the same pseudo-random sequence for each batch, the error from inadequate sampling of reactant
parameter space is the same for all batches, and tends to cancel when comparing different batches.
Trajectories were terminated when the center-of-mass separation between guanine and cystine
exceeded 8.0 Å, or a maximum integration time (4 ps) was reached.

A total of 780 trajectories were

calculated in the work, each taking at least 50 days of CPU time on a 64-bit Linux computation cluster
consisting of six Intel dual Xeon (16-core, 2.30 GHz) nodes.
visualization.

gOpenMol9 was used for trajectory

Analysis of individual trajectories and ensemble averages were done with programs

written for these purposes.

Kinetic energies of relative motion (i.e., translation energy Etrans, reactant

collision energy Ecol, and product recoil energy Erecoil) were calculated straightforwardly from the
center-of-mass velocities of reactants and products. Rotational angular momenta and rotational energies

4
(Erot) were calculated as J = r  p and Erot = (J)/2, where  is the angular velocity, determined as  =
JI-1, and I is the moment of inertia tensor.

For non-dissociation trajectories, Erot was calculated for the

intact base pair; and for dissociation trajectories, product Erot was calculated as the sum of two separate
rotators.
Upon the suggestion by one of the reviewers, the three representative collision trajectories
demonstrated in Fig. 5 were recalculated at the B3LYP/6-31G** level of theory.

The 6-31G** basis set

adds p functions to hydrogen atoms in addition to the d functions on heavy atoms, and could be used to
test how a basis set with explicit polarization term for hydrogen atoms affects intra-base pair proton
transfer and base pair dissociation.

The comparison of B3LYP/6-31G* and B3LYP/6-31G**

trajectories confirms that the trajectories follow identical reaction pathways and produce nearly the same
product energy distributions in the two sets of calculations, with the only difference being that the
duration for intra-base pair proton transfer becomes shorter at B3LYP/6-31G**.
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