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Infrared (IR) excitation of vibrations that participate in the
reaction coordinate are believed to accelerate an otherwise
thermally driven chemical reaction. Attempts of practical
realization of this concept have been hampered so far by
competing processes leading to sample heating. Here we
demonstrate, using femtosecond |IR-pump |R-probe
experiments, the acceleration of urethane and polyurethane
formation dueto vibrational excitation of thereactantsfor 1:1
mixtures of phenylisocyanate and cyclohexanol, and toluene-
2,4-diisocyanate and 2,2,2-trichloroethane-1,1-diol,
respectively. We determined reaction rate changes upon
selective vibrational excitation with negligible heating of the
sample and observed an increase of the reaction rate up to
24%. The observation is rationalized using reactant and
transition state structures obtained from quantum chemical
calculations. We utilized reaction acceleration to write a
polyurethane squar e on sample windows by a femtosecond IR
pulse.

New cost-effective methods for synthesis of molecular films or
three-dimensional architectures with specific properties are in
demand. For example, IR laser induced synthesis of graphene has
been demonstrated, utilizing photothermal effects at high
temperatures to manufacture films with high electrical
conductivity'. A standard tool in imaging and radiation curing
technologies is photopolymerization®>. Here, the polymerization
reaction is triggered or accelerated by the absorption of visible
light. In most cases, this involves photochemistry via excited
electronic states”, i.e. with radical formation, dissociation of
molecules or via high vibrational overtones®''. A reduction of
photon numbers and energy would decrease the costs of laser-
based methods. This should be possible by controlling thermally
driven reactions by a single photon with moderate energy as
provided by the IR spectral region.

Many chemical reactions are driven by thermal activation'*'*. In

a simplified picture, a ground-state reaction proceeding from
reactants such as phenylisocyanate (PHI) and cyclohexanol (CH-
ol) to a product (here cyclohexyl-carbanilate, CC) can be
expressed as a transformation on an energy surface from a
reactants’ energy minimum to a product energy minimum through
a transition state (cf. Fig. 1). Thereby, the reaction coordinate
(RC) traces the reaction pathway with the lowest energy. Elevated
temperatures increase the collision rate and hence the population
of vibrational modes of higher energy participating in the RC.
Thus, nuclear conformations can be reached that are associated

with the transformation from reactants to the transition state and
thermal energy propels the system over the transition state to the
product.

While temperature dependence of a chemical reaction in solution
provides important information on the reaction rate and activation
barrier'?!?, details on the RC, on the nuclear conformation, and
the dynamics of the reactive complex and its surroundings at the
transition state (TS) are hard to obtain for ground state reactions'’.

It is known that coherent excitation pulses can be applied to select
and optimize specific molecular reaction pathways. Coherent
control strategies were developed for electronic ground and
excited states (for reviews, see refs. 16-20). Recently, it was
shown that mode specific excitation of vibrations coupled to
electron transfer pathways in an excited electronic state can
efficiently change the outcome of a reaction' 2,

In contrast, acceleration of thermally driven ground state reactions
without heating all molecules is very difficult. Heating the sample
results in excitation of vibrational modes according to the
Boltzmann distribution. In comparison, direct IR excitation
instantaneously populates a specific vibrational mode??.
Relaxation of the excited mode occurs via intramolecular
vibrational energy redistribution (IVR) on a picosecond (ps) time
scale and intermolecular vibrational energy relaxation (VER, also
called intermolecular energy transfer, IET) into a microvolume
around the excited molecule on a longer time scale?®>!. Hence, to
distinguish between excitation of RC and heating, time resolved
experiments with ultrafast time resolution are necessary. Thus,
femtosecond (fs) IR excitation is a promising tool to initiate and
track otherwise thermally driven chemical reactions via direct
excitation of the RC. However, there are only very few successful
experimental realizations of fs IR pulse initiated reactions, which
are limited to small molecules undergoing simple unimolecular
reactions. For instance, Motzkus et al. demonstrated vibrational
ladder climbing enhancing the statistical dissociation yield of
Cr(CO), decarbonylation”. In a pioneering work, the same group
also demonstrated nonstatistical dissociation of CH,N,, but in gas
phase®”. Furthermore, Hamm et al. used IR laser pulses to drive
the cis-trans-isomerization of HONO in a Kr matrix at 32 K*. Up
to now, IR pulse driven reactions were limited to unimolecular
systems in the condensed phase.

In this study, for the first time, we present evidence for
acceleration of urethane and polyurethane formation by direct
ultrafast IR excitation of the alcohol OH-stretching vibration and
the isocyanate NCO-stretching vibration, respectively. At these
spectral positions, solvent absorption is negligible.



The outcome of a thermally driven reaction can be influenced by
changing temperature, concentrations and solvent. These concepts
are often insufficient, e.g. for chemical synthesis of thermally
instable products.

We break new ground in condensed phase synthesis via IR
excitation of vibrations participating in the RC. Since continuous-
wave (cw) IR laser sources are easily available, IR excitation of
such vibrations should make it possible to accelerate a synthesis
reaction without heating the solvent. Moreover, it should be
possible to select a specific reaction within a set of competing
reactions provided that they correspond to different projections of
the RC onto the vibrational modes. The vibrations participating in
the RC can be determined experimentally or via quantum
chemical calculations.

Results and discussion

Two thermally driven bimolecular reactions (BMR) were
investigated: the reaction between PHI and CH-ol in
tetrahydrofuran (THF), and the step-growth reaction between
toluene-2,4-diisocyanate (TDI) and 2,2,2-trichloroethane-1,1-diol
(chloralhydrate, TCD) in a mixture of nitrobenzene, cyclohexane,
and chloroform, leading to urethane (CC), and polyurethane
formation, respectively (see Fig. 1, and Supplementary Figs. 1
and 4). Both, the reactions between PHI and CH-ol, as well as
between TDI and TCD show second-order kinetics and are
thermally activated at room temperature. The experimental
Arrhenius activation energy is 2340 + 70 cm™, ie. (6.7 £ 0.2)
kcal/mol, and 980 + 10 cm’, ie. (2.80 + 0.03) kcal/mol,
respectively®*.

In order to shine light into the mechanistic details of the initial
step of the alcoholysis and polymerization reaction and to identify
vibrations connected to this reaction, we have performed a
quantum chemical study for PHI reacting with CH-ol in THF. For
reactions of isocyanates with alcohols, the reported theoretical
and experimental values for free energies of activation differ
considerably. Applying density functional theory either for the
reaction in the gas phase or embedded into a polarizable
continuum model results in energies differing by a factor of three
or larger (for a literature overview, see ref. 34). Our calculations
provide nuclear conformations and energetics for the stationary
points of the reaction of PHI and CH-ol in an explicit THF solvent
as presented in Fig. 2. Apparently, both the reactant state (called
R2) and the transition state have a cyclic structure with a weak
hydrogen bond between the OH group of the alcohol and the
nitrogen atom of the isocyanate group. The calculated Gibbs
energy of activation for this reactant state is 6.8 kcal/mol, i.e. in
rather good agreement with the reported experimental value*. In
view of the many unsuccessful attempts to obtain activation
energies that are close to experiment, this clearly points to the
importance of including explicit solvent molecules (see
Supplementary Figs. 5-7 and Supplementary Tables 1-5).

Unfortunately, the cyclic nuclear conformation of the reactant R2
providing a low Gibbs free energy (about 2300 cm’ (6.8
kcal/mol)) belongs to a minor fraction in solution according to the
calculations. The majority species, R1, is more likely to be an
open configuration (cf. Fig. 2) with a Gibbs free energy of about
4700 cm™ (13.4 kcal/mol). This already points to a potentially
low overall quantum yield for CC urethane formation upon IR
excitation. Further, as detailed in Supplementary Table 4, the

interaction of the solvent in the R2 and TS conformations is
stronger for CH-ol than for PHI. Nevertheless, the conformational
change between R2 and TS is small for CH-ol compared to PHI,
where conformational changes of the NCO group are observed.
These conformational alterations from R2 to TS suggest a
stronger influence of the NCO-stretching vibration, v(NCO), on
the RC compared to the OH-stretching vibration, v(OH).

Since the vibrational energy of v(OH) is above the activation
energy of R2 and we expect the v(OH) of CH-ol to be part of the
RC, its excitation should result in an increase of the reaction rate.
In the following, we compare the reaction rate at room
temperature with and without fs IR light excitation. In Fig. 3a the
OH-stretching v(OH) band absorption of CH-ol is presented as a
function of time after mixing CH-ol with PHI for 0 and 300 min
(black lines) in THF (for more time steps see Supplementary Figs.
11, and 14). The v(OH) absorption band of CH-ol at 3470 cm™
decreases, while the NH-stretching absorption v(NH) of CC at
3300 cm™! increases (for a band assignment, see ref. 34). The rise
of the strongest product band at 1730 cm™ due to the v(CO)
vibration of CC, and the band due to the (NH) vibration of CC at
1505 cm™ are presented in Fig. 3b and Supplementary Fig. 11, as
well as the decrease of the band due to the v(NCO)&S(CH)
vibrations of PHI at 1512 cm™". Excitation of an exact duplicate of
this sample by IR pulses of ~3 pJ at 3500 cm™ leads to a speed up
of absorption decrease of CH-ol and PHI bands and absorption
increase of CC bands (red lines).

The acceleration of the reaction was determined by the ratio of
the reaction rates with and without fs IR pulse illumination. We
measured an acceleration of (24 + 7)% upon illumination with IR
light around 3470 cm™ (Supplementary Fig. 11).

To exclude multi-photon absorption, we changed the focal
diameter from 0.2 mm to 1-2 mm and detected no change of the
acceleration. According to the Arrhenius law, a temperature
increase of about 6°C (of the full sample) is needed to increase
the reaction rate by 24% for PHI and CH-ol (see Supplementary
section 3.5.1). The estimated temperature increase upon fs IR
excitation in the focal volume of the sample using heat capacity
and absorbed energy is less than 1° C (Supplementary Section
3.5.3). Moreover, we detected no heating of the focal volume over
time (see Supplementary Fig. 12). Nevertheless, adding
vibrational energy of 3500 cm™ into the v(OH) of CH-ol, can lead
to transient local heating of a microvolume around the absorbing
molecule®® accelerating the thermally driven reaction.

Since local heating by light absorption is a time-dependent
process, we investigated the ultrafast dynamics of CH-ol and PHI
in THF. Excitation of the CH-ol v(OH) vibration, which has a
lifetime of about 4 ps (see Supplementary Fig. 16), can either (i)
initiate directly the BMR with H-bonded PHI if the cyclic nuclear
conformation of the reactant R2 is adopted, (ii) excite vibrational
modes of the separate reactant CH-ol with lower energy via IVR,
(iii) excite vibrations of already formed H-bonded CC via VER,
or (iv) excite vibrations of other molecules in the sample, mainly
THF via VER leading to heating of the solvent and the complete
sample.

Direct tracking of the first reaction step should be possible by fs
IR-pump IR-probe experiments. This method is highly sensitive
to transient changes in the IR absorption. The expected signal
upon excitation with a single fs IR pulse at 3500 cm™ can be
estimated by the absorption change from Fig. 3b and



Supplementary Fig. 14 to about 0.1 to 0.3 mOD at 1512 cm™ (see
Supplementary Section 3.5.5). In Fig. 4 we present fs IR-pump
IR-probe experiments upon excitation of the OH-stretching
vibration v(OH) of CH-ol at 3500 cm™ (pulse spectrum in
Supplementary Fig. 14). Since the signals are very small (cf.
Supplementary Figs. 21 and 22), we averaged difference
absorbance spectra within specific delay time intervals. The
difference absorbance spectra are shown for delay times around 3
ps (red dots), around 13 ps (green squares), around 38 ps (wine
circles), and for long delay times around 76 ps (blue open
squares).

Excitation of the v(OH) results in a broad positive signal around
1500 cm™ due to strong absorption changes of the §(CH) of CH-ol
at 1450 cm™' (see Supplementary Fig. 16), and a distinct bleaching
signal of 0.1 mOD around 3 ps due to the v(NCO)&S(CH)
vibrations of PHI at 1512 cm™ in Fig. 4a. The bleaching signal at
1512 em™ around 3 ps is not accompanied by a positive signal,
which would indicate vibrational excited state absorption, hot
ground state absorption, or anharmonic coupling”~***. Thus,
upon v(OH) excitation of CH-ol about 0.1 mOD of the
V(NCO)&S(CH) vibrational band of PHI disappears due to BMR,
matching roughly the estimated signal for PHI consumption due
to accelerated reaction. No bleach recovery 1is visible
demonstrating a high quantum yield (above 50%) for this process.
We observe a rise of the bleaching signal and the rise of an
absorption band at 1505 cm™ with a time constant of about (10 +
3) ps. At 1505 cm™ the NH-bending vibration, 8(NH), of CC
absorbs, indicating the production of CC via BMR in the ground
state.

The absorbance change of the NCO-stretching vibration, v(NCO),
around 2270 cm™ upon v(OH) excitation of CH-ol is depicted in
Fig. 4b. An instantaneous negative signal is observed at 2260 cm”
' and a positive signal at 2240 cm™. These features deviate
significantly from IVR signals observed upon direct vibrational
excitation of NCO (see Supplementary Fig. 17) and we therefore
associate these to the consumption of NCO due to BMR and to a
minor part VER from CH-ol to PHI. With a time constant of (10 +
3) ps the bleaching signal rises up to 0.90 mOD, demonstrating
consumption of the NCO group. Since the strong bleaching signal
increase has no corresponding rise of a positive signal, bleaching
via VER can be ruled out, corroborating BMR.

The CH-ol and PHI sample exhibits an increasing amount of
thermally formed CC with time. The OH group of CH-ol forms a
H-bond with the CO group of the CC (see Supplementary Fig. 15
). Thus, v(OH) excitation of CH-ol results in heating of already
formed CC via VER and a blue-shift of its v(CO) absorption band
(see Supplementary Fig. 13 and 19). To observe only the CC
formation due to fs IR pulse excitation, we subtracted two
identical measurements with a CH-ol and PHI mixture and a CH-
ol and CC mixture (see Supplementary Figs. 19 and 20). The
resulting dynamics are free from heating effects of the product
and are displayed in Fig. 4c.

At 1730 cm™, the rise of the v(CO) absorption is clearly visible.
The instantaneous signal (red dots) shows a small amount of
v(CO) absorption, and a negative signal at 1710 cm’
accompanied by a positive signal at 1690 cm. This feature
vanishes within a few ps. The v(CO) absorption rises with a time
constant of (10 + 3) ps, demonstrating the CC product formation
in the ground state via BMR. From the final CC v(CO) product

signal of 0.75 mOD one can estimate the corresponding bleaching
band of the v(OH) to be about 0.125 mOD. Since the total
bleaching signal of the v(OH) is expected to be about 35 mOD the
overall quantum yield is in the range of 0.3% (see S3.5.6). Note,
the quantum yield is concentration dependent (second-order
reaction) and decreases with decreasing concentration of both
reactants.

The instantaneous signals of the v(NCO)&S(CH) bleaching band
at 1512 cm™, the v(NCO) bleaching band at 2260 cm™, and the
v(CO) product band at 1730 cm™ demonstrate the direct impact of
the IR pulse excitation on the CC formation reaction via BMR.
The associated time dependencies suggest the formation of CC
with (10 £ 3) ps. This time scale is too fast for heating the solvent
molecules via VER. In contrast, we observe ultrafast IVR in CH-
ol and VER from CH-ol to H-bonded PHI molecules. Since, the
instantaneous bleaching signal strength of ~0.1 mOD at 1512 cm™
equals half of the final bleaching signal, we conclude that a major
part of the reaction is directly initiated by the IR pulse excitation
and not due to heating processes via other molecules. However,
due to our limited time resolution of about 350 fs we cannot
unequivocally determine whether the v(OH) of CH-ol is part of
the RC or only connected to the RC via IVR or VER. The
structures presented in Fig. 2 provide support for the former
conclusion.

Reaction acceleration studies were also performed on TCD and
TDI in a nitrobenzene/cyclohexane/chloroform  solution
(Supplementary Figs. 9-11). Since the activation energy of this
reaction is 980 cm’, several vibrational modes can be excited
above the activation energy. We found acceleration of the
reaction rates for excitation of the OH-stretching vibration of
TCD at 3490 cm™ of (10 + 5)% at 0.25 mol/l, and of the NCO-
stretching vibration of TDI at 2270 cm™ of (22 £ 8)% at 0.1 mol/l
(Supplementary Fig. 11). No acceleration was observed for
excitation at 3070 cm™', where the CH-stretching vibrations of
TDI and of the solvent nitrobenzene absorb (Supplementary Fig.
11).

A promising and cost effective new application for mid-IR laser
induced  acceleration of  polyurethane  formation s
photolithography. In Fig. 5 we displayed results of writing
polyurethane squares from a 1:1 mixture of TDI and TCD by
moving the IR laser spot along the perimeter of a square. Upon
variation of the laser focus from =~ 150 um to = 75 pum, the
thickness of the polyurethane line is reduced from = 160 pm to ~
80 um. The polyurethane concentration on the square is more
than 20 times higher than elsewhere (Supplementary Fig. 24).

Conclusions

We demonstrated that selective fs IR excitation of the OH-
stretching vibration of the alcohol CH-ol accelerates the CC
urethane formation from CH-ol and PHI. This BMR process takes
place on the fs to ps time scale. However, the reaction yield is not
only concentration dependent, but strongly limited by the
molecular conformation of CH-ol and PHI. Only a minor fraction,
R2, reacts at photon absorption that adopt a conformation close to
the calculated transition state. The major fraction experiences IVR
without CC urethane formation. This explains the poor overall
quantum yield of about 0.3% upon IR excitation at the OH-
stretching vibration. The presented theoretical results corroborate
these indications and showed, for the first time, that an accurate



calculation of the activation energy for urethane formation is
possible. To this end, it was required to include the solvent
molecules explicitly.

For TDI and TCD it was found that excitation of both, the NCO-
and the OH-stretching vibrations, accelerate the polymerization
reaction. Our data indicated a more efficient acceleration per
photon energy upon excitation of the NCO-stretching vibration.
This could point to a higher participation to the RC as compared
with the OH-stretching vibration.

In contrast to previous attempts getting ahead of IVR*? we benefit
from existing pathways of vibrational energy flow*® connected to
the thermally driven reaction. Direct excitation of the RC or
excitation of vibrations efficiently relaxing into vibrations, which
are part of the RC, accelerates the otherwise thermally driven
reaction. This is a new and simple approach to steer chemical
reactions by single photon excitation of the first vibrational
excited state. An exhaustive experimental investigation of all
involved vibrational relaxation dynamics would allow to
characterize those pathways in more detail.

Since a multitude of chemical reaction steps are thermally driven
or partly thermally driven, the presented method opens up a
variety of new strategies to utilize photons to steer, optimize and
localize ground state chemical reactions in solution.

It should be emphasized that, in terms of the number of photons,
selective IR excitation provides a cost-effective way for triggering
reaction in the electronic ground state. Further extensions include,
for instance, the use of polarized laser beams. This might enable
to imprint a preferred orientation on the polyurethane by using
linear instead of branched diols and diisocyanates.

M ethods

The urethane-group formation due to the alcoholysis reaction is
shown in Fig. 1. Equimolar solutions of PHI (Aldrich 98%) and
CH-ol (Aldrich 98.5%) in THF (Aldrich 99.9%) with
concentrations of about 0.75 mol/l were used for the acceleration
studies. We used different concentrations, and spacer thicknesses
at different probing wavenumbers for the fs time-resolved
experiments presented in Fig.4: (0.05 mm / 0.75 M / 1500 cm™ /
Fig. 4a), (0.05 mm / 0.375 M /2270 cm™ / Fig. 4b), and (0.1 mm /
1.5M/ 1730 cm™ / Fig. 4c).

The acceleration studies were performed with two equimolar
solutions of TDI (Sigma > 98%) and TCD (Sigma 99.5-101%) of
0.1 mol/l. For excitation around 2270 cm™ and 3070 cm™ we used
a 2:1:1 mixture of nitrobenzene (Sigma > 99%), cyclohexane
(Sigma 99.5%) and chloroform (Sigma 99 %). The same sample
with a five times higher concentration was used for writing a
polymer square. Due to low OH absorption upon excitation at
3490 cm™', we changed the solvent to nitrobenzene and increased
the TDI and TCD concentration to about 0.25 mol/l.

The reaction rate measurements on CH-ol and PHI were
performed with a 100 pm thin CaF, sample cell of 25 mm
diameter. We used two identical sample cells filled with the same
sample. One of the cells was irradiated by fs IR laser light (2 kHz
repetition rate, 50 cm™ FWHM, and about 3 pJ energy), the other
was not. For the irradiated cells we covered the complete chamber
uniformly with IR light pulses by moving the sample line by line
by a sample scanner. IR absorption spectra of the two samples

have been measured periodically with a 30-60 min interval with
the Bruker spectrometer Equinox 55 for a duration of about 2 min.
IR spectra at different temperatures were taken by changing the
temperature with a chiller (see Supplementary Fig. 13). The
average temperature within the IR excited sample volume was
determined with a thermal imaging camera FLIR A600 under the
same conditions as the reaction rate measurements, but with a
non-moving sample (see Supplementary Fig. 12).

For the polymer square depicted in Fig. 5 the scanner was
programmed to move the sample along the perimeter of a 4x4 mm
or 3x3 mm square. Here, we used IR foci of 75 um and 150 pm.
Pictures of the polymer squares were taken with a camera (dnt
DigiMicro Mobile) enable sizing of the polymer structures.

We used a home built IR light source to irradiate the sample for
acceleration measurements®. This IR light source is a tunable
optical parametric amplifier (OPA) generating high energy fs
pulses of ~5 puJ in the range from 3.5 to 9 um with pulse-length of
about 350 fs, and a spectral width of ~ 50 cm™'. Femtosecond IR
pump — IR probe experiments with pump frequencies below 2400
cm™ were performed with two independent home built IR light
sources of this type®®. Fs IR-pump IR-probe measurements on
CH-ol and PHI with pump pulses at 3500 cm™ (see
Supplementary Section 3.1.3) were conducted with home built IR
light sources. IR pump beams were generated by cascaded tunable
OPAs generating fs output pulses of ~3 pJ. In detail, a collinear
BBO-OPA pumped at 400 nm generated near IR pulses at 1110
nm that were used to generate 2857 nm (3500 cm™) pulses by two
KTA amplification stages pumped with the fundamental at 800
nm. IR probe beams with an energy below 100 nJ were generated
as reported elsewhere®’. We used two probe beams to probe the
same sample spot 1.5 ns before and fs to ps after IR excitation.
The sample was moved with a Lissajous scanner to ensure a fresh
sample volume at every pump beam.

In order to interpret the observed behavior, density functional
theory (DFT) based calculations have been performed for the
reaction between PHI and CH-ol. The solvent THF was included
explicitly within the frame of the ONIOM model*®. Details are
provided in the Supplementary Section 2.

The data that support the findings of this study are available from
the corresponding author upon reasonable request.
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Figure captions

Figure 1: Schematic view of the IR-laser driven evolution along a reaction
coordinate (RC) from reactants (PHI and CH-ol), via a transition state (TS)
to the product (CC) for the present alcoholysis reaction.

Figure 2: Energetics (in kcal/mol) and geometries for the reaction of PHI
with CH-ol in THF for the reactant R1, R2, the transition state (TS), and
the product CC. R2 and TS exhibit H-bonds between the NCO and OH
group. Color code: blue (N), grey (C), red (O), white (H).

Figure 3: IR absorbance changes with time after mixing PHI and CH-ol
without illumination (black lines) and with laser excitation at 3500 cm’
(red lines) for times at 0 min, and 300 min; PHI and CH-ol at 0.75 M
concentration and 0.1 mm sample thickness. a) Absorption decrease of the
OH-stretching vibration v(OH) of CH-ol at 3470 cm™, and absorption
increase of the NH-stretching vibration v(NH) of CC at 3300 cm’.
Illumination accelerates the consumption of CH-ol and formation of CC.
b) Absorption increase of CC CO-stretching vibration v(CO) at 1730 cm™,
and the NH-bending vibration S(NH) at 1505 cm™. Absorption decrease of
the band at 1512 cm’, due to a combination of NCO-stretching vibration
v(NCO) and CH-bending vibration §(CH) of PHI. Illumination accelerates
the consumption of PHI and formation of CC. Enlarged spectra with
additional times are presented in Supplementary Fig. 14.

Figure 4: Absorbance difference spectra (dashed: zero line) averaged with
respect to selected delay time intervals upon excitation of the CH-ol
v(OH) at 3500 cm™ of a 1:1 mixture of CH-ol and PHI in THF (a), (b).
Difference between CH-ol/PHI and CH-ol/CC mixtures in THF upon
excitation at 3500 cm™ (c). Decreased absorption (negative signals),
increased absorption (positive signals). (a) Difference spectra in the region
of the V(NCO)&§(CH) vibration at 1512 cm™ of PHI (scaled sample
absorption, black line), and of the CC §(NH) vibration at 1505 cm™. Upon
excitation of CH-ol the PHI vibration at 1512 cm™ decays, and the CC
vibration at 1505 cm™ appears with about 10 ps; (b) difference spectra in
the region of the v(NCO) vibration at 2270 cm™ of PHI (scaled sample
absorption, black line). Upon excitation of CH-ol the v(NCO) vibration of
PHI decays with about 10 ps; (c) double difference spectra in the region of
the v(CO) vibration at 1730 cm™ of CC (scaled sample absorption of a
reacted sample, black line). Upon excitation of CH-ol the v(CO) vibration
is formed with a time constant of 10 ps, displaying CC formation.
Bleaching of PHI bands and formation of CC vibrations upon CH-ol
excitation with 10 ps show IR pulse induced alcoholysis reaction.
Transients are presented in Supplementary Figs. 21 and 22. Errors of the
averaged delay time intervals are indicated.

Figure 5: Polyurethane square generated upon IR excitation of a TDI and
TCD solution at 2270 cm™ due to IR pulse induced reaction acceleration.
Writing a 4 x 4 mm square with a focal diameter of 150 um; inset: Writing
a 3 x 3 mm square with a focal diameter of 75 um. Yellow bars indicate
the different polymer line width of = 160 um (upper bars) and = 80 um
(lower bars, see also Supplementary Fig. 23). The line width of the
polymer follows the focal diameter of the IR light.
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