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In time-resolved laser pump, X-ray probe wide-angle X-ray scattering experimetstemsin

solution the structural response of the system is accompanied by a solvent responseeiihe sol
response is caused by reorganization of the bulk solvent following the laser pump event, andan order t
extract the structural information of the solute, the solvent response has todmk tvithodologies

capable of doing so include both theoretical modelling and experimental determinatiosaf¢ime
response. In the work presented here, we have investigated how to obtain a reproducible solvent
response—the solvent term—experimentally when applying laser pump, X-ray probe timeeesol
wide-angle X-ray scattering. The solvent term describes differencersgatiasing from the structural
response of the solvent to changes in the hydrodynamic parameters: pressure, tempe rabumsty.

We present results based on NIR and dye mediated solvent heating, and demonstratsotlianhthe
response is independent of the heating method. The NIR heating is shown to be rendered unusable by
higher order effects under certain experimental conditions, while the dye medisgtat kelating is
demonstrated to exhibit first order behaviour with respect to the amount of energy depobited in t
solution. We introduce a standardized method for recording solvent responses in laser pymp, X-ra
probe time-resolved X-ray wide-angle scattering experiments by using dye media¢zd Behting.
Furthermore, we have generated a library of solvent terms, which can be used to dessobeiht

term in any TRWAXS experiment, and made it available online.
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1 Introduction

Laser pump, X-ray probe time-resolved wide-angle X-ray scattering (TRWAXS)imrguees are one of the few techniques that
allow for the direct study of transient structural changes of species in solution elarlieet TRWAXS experiments, systems
showing structural changes on the nanosecond timescale were investigated using synctiiattoor? fa he timescale has since
been expanded to the picosecond redifand with the availability of the X-ray free electron lasers the femtosecorsttiae
has recently become accessillié> TRWAXS on systems in solution is an established techriftfewhich has been used to
directly show structural changes occurring during photoinitiated uni- and bi-moleculacahesactions in solution; as well as
the temporal evolution of these reactions (references relating to X-ray absorptdnelea included for completene¥s®The
data obtained in a TRWAXS experiment—difference scattering images generatedragtisighain image recorded before the
pump has arrived at the sample from an image recorded in a given time after the puripdtbatahe sample—arise from
structural changes, which can be divided into three tétfi{§®

(i) structural changes of the solutolute ternp,

(ii) structural changes of the bulk solvesoblizent terry

(iii) structural changes of the solvent-shell surrounding the scotaeté—solvent cross-tejm

In order to obtain information on the structural changes of the solute, the other terms haveembeetkbefore the solute
term can be reliably extracted from the data. At present, the solute—solverteomssin only be determined experimentally
when convoluted with the solute term and the solvent term, while computational cheamstepduce the solute—solvent
cross-term independentl§*° The solvent term can also be evaluated theoretically, in particular by MoleculanDgr(&D)
simulations’’~3%-33-354850-%3 it can be determined experimentdfly>*¢°°*3n the single study where both experimental and
theoretical solvent terms have been used to extract structural information fieXERdata, the experimentally determined

solvent terms were shown to give a more accurate description of tHé data.

Taking a step back from the context of TRWAXS, the solvent responses determined hessbsgraitural fingerprints of the
changes in molecular structure of the solvent occurring with changes in temperasseepand density. As they are recorded
using pseudo-monochromatic X-rays, the data we make available can be used to desciitsig¢hedcattering of a solution at
any X-ray sourceg(.g.at free electron X-ray lasers, where experiment time is highly limited). ffuthe, they may also be used
to benchmark MD-simulations. A good correlation between MD-simulations and TRWAA $ndgtshow which structural
changes correspond to the observed fingerprint. Here, we do a direct interpretatiog ttedafiingerprint to inter-molecular
distances. While the solvent term has been used extensively in data processing to olutite tteera®>>*%°%% ynified
investigation of the solvent term for several solvents had not been performed.

The experimental determination of the solvent response relies on point heating of the Bévaefine point heating as an
event where individual sites (molecules) in a solution are promoted to a high-enargiratatvhich they release the energy to
the surrounding solvent, resulting in an overall heating of the solution (point heating is explained in thet ESt). Point
heating of the solvent can be achieved by three methods: direct near-infrared (NIR) dfetlie solvent through exciting

vibrational overtones of individual solvent molecul®¥:*3UV photolysis of individual solvent molecules resulting in bulk
heating®®>*and dye mediated heating of the solvEnt Depositing hard UV radiation in the sample volume is not considered
further in this work, as it leads to undesired chemical reactione. have used NIR and dye mediated solvent heating to obtain
the data needed to determine the solvent term in eight different solvents. We demthettthe results of dye mediated and NIR
heating are identical in methanol at low laser fluencies, and that dye mediated lseatérg can be achieved using a large range
of dye concentrations, wavelengths and laser fluencies. We have employed dye mediatelestingrin a series of TRWAXS
experiments in order to generate a library with parameters describing the saivefdrtthese solvents. The library is freely

accessible onlin& and the dyes used to generate the library can be acquired by contacting the’ authors.

2 Experimental
2.1 Dye synthesis and characterization

The dyes (seEig. 2 below) were chosen based on their spectral range and solubility. For water, a yellbastiellow, was
chosen. Fast Yellowl( sodium 4-aminoazobenzene-3#sulphonate, CAS 2706-28-7) is commercially available with suitable
purity. For the organic solvents a yellow and a red azobenzene were selected, 4/bdNadiethylamino)-azobenzerfg2,

CAS 22700-62-5) and AN(N-diethylamino)-2-methoxy-4nitro-azobenzenié (3, CAS 6373-95-1) were synthesized using an
adapted method based on a large scale synthesis of methyl red from organic sYrthegisirity of the dyesand3 was
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determined by NMR, GC-MS and elementary analysis and was found to be higher than 99%.

The absorption coefficients were determined by three independent measurements, \igglibseé different weighed
guantities of a sample in an appropriate volume of solvent. The error is estimated @beTke solubility of the dyes was
determined by making a saturated solution in each of the selected solvents, which nviefe tinequilibrate overnight. 5@ of
each solution was diluted to 200 ml and the absorption spectrum measured. The absorptientaeaftérmined as described
above, were then used to determine the solubility for each dye—solvent combination.

2.2 Experimental set-up — ESRF ID09B

Time-resolved scattering measurements were performed at the dedicatedstiived laser pump, X-ray probe beamline ID09B
at the ESRF (details of the setup are given in Appendix B).

The sample was placed in a temperature controlled water-reservoir kept at 25hfCfiomp—probe measurements. The
sample was cycled in a fast-flowing liquid jet setup with a sapphire nozzle producingua $&flowing at 2 m ¥, ensuring
total replenishment of the sample volume between each pump—probe event. An externaluengueriaoller ensured that the
sample temperature was kept within 0.1 °C of the reservoir temperature.

The sizes of the laser and X-ray focus were measured using a pinhole and determined tarbéh3s0840um (v) for the
laser spot and 12@m (h) x 80um (v) for the X-rays (horizontal and vertical dimensions respectively). The laserlpabth was
1.2 ps, and unless otherwise noted, the excitation energy wad 2@0 pulse.

The pump—probe scattering images were accumulated in sequences of 2-5 images wilklaytibeween the laser pump
and X-ray probe given byt = trobe ™ Loumg The sequences were spaced with a negative time delay (that is the X-rays arriving
before the laser pump), which were used as references. Each image was integbaseddnds, corresponding to 5000
individual pump—probe events. At each time delay 50-200 images were acquired.

Additionally, steady-state measurements were conducted for all solventerrdifemperatures. The reservoir temperature
was changed, and the samples were allowed to reach the equilibrium temperaturhéef@@surement was started. The high
speed chopper (see Appendix B for details) was moved slightly out of the X-ray beamngciteasipening time from 260 ns to
2 us, letting a pulse-train of 11 X-ray pulses through at a time reducing the exposure ~hesetmnd.

2.3 X-ray data reduction

The 2D scattering patterns from the CCD detector were corrected for geometryaizhfioh (see ESIfor details). This was
followed by azimuthal integration yielding 1D curves of the scattering inteB&if) versusthe scattering angle. TI826)
curves were scaled to the sum of the coherent and incoherent scattering of a singflemdbaile at high scattering angles.
Scattering at high angles is dominated by the incoherent scattering and therefesdyralaensitive to structural changes as
described elsewheré?®

Difference scattering intensiti@sy(26) were generated from the scattering curves recorded at a positive time delay by
subtracting the average of the two nearest scattering curves recorded at a negatie@y. Difference curves from the same
pump—probe time-delay\f) were summed after an outlier rejection based on a point-by-point implementatioruetGéts
criterion. The noise level was estimated from a second-order polynomial fit to ag@ipoint interval in the data set as
described previousf. The difference scattering curves presented in this work are plotted against theeatavéransfeASQ),
Q = 4q/2 x sin(d). In order to generate these plots, the X-ray energy has been approximated by a monochromatic 18 keV
spectrunt*

3 Theory
3.1 Energy dissipation from excited molecular states

The transient evolution of the energy deposited by the pump-laser in a single pump—probe cydibésl dgsc
5\' . IC = IVE g . YR g I q\‘ YR S“

o " | | I

S

The pump-laser excites the solute from its ground stgtetl® initial electronically excited (§ state relaxesia a

combination of intra-molecular vibrational redistribufiofi* (IVR) and internal conversion (IC) to a vibrationally excited state of
the lowest electronically excited statg*}Swhich subsequently relaxes through vibrational relaxation (VR) to the vibrational

ground state of the lowest electronically excited stafe (8ese processes occur within the first picoseconds after excftation.
The electronically excited state decays to a vibrationally excited electraniodystate (3). The last step in the energy transfer
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cascade is the VR step back to the vibronic ground state of the sg)dfel\{@te that energy is only transferred out of the solute
through vibrational relaxation.

The timescales of the processes dictate that energy will be deposited intwéne isctwo separate steps. The first step
deposits energy corresponding to the difference betwgean8 § on a~ 1-100 ps timescale. The second energy transfer occurs
on a timescale directly linked to the lifetime of the lowest electronicallyeskstate of the solute, which can be anything from
picoseconds to seconds.

Vibrational relaxation deposits vibrational energy directly as heat into the sdhatintghich then dissipates to the bulk
solvent giving rise to the structural changes seen in the TRWAXS data; this isvibre saim defined in the introduction.

3.2 Energy dissipation pathways in azo-benzene

Azobenzene can exist agia (Z-) andtrans (E-) isomer, where the latter is the most stable. The two isomers can interconvert
upon irradiation, a process that has been intensely stifdfiedf Thetransisomer is the more stable of the two. Donor and
acceptor substituents increase the energy difference between the two isomerstesse diee barrier of inter-conversiéithus,
donor—acceptor substituted azobenzenes are isolated as thapsiferm. Thecig'transisomerization is associated with a
potential loss of energy that otherwise would have been deposited in the solvent, as tienfermeegy of theis form is higher
than for theransform. A cautious estimate based on numbers for azobenzene gives an energy-loss of <5%tfon dxclight
with wavelengths lower than 500 nm if only ground state absorption is considered.

Ultrafast dynamics govern the processes occurring in azobenzene upon photo-eXtithgolC from the electronically
exited state to the electronic ground state is very “ast ( 200 fs), and preetmsis/transisomerization process.*The time
it takes for full VR to occur in azobenzene is solvent dependent and has been measured in heXaredidhfsle (17 ps) and
DMSO-d, (20 ps)?*°®"®We can conclude that at experiment tira60 ps no molecular signature can be present as the

azo-benzene molecule will have returned to the ground state, and consequently must hawedrathsfiesorbed energy to the
solvent.

As volume changes following an isomerisation event will increase the local ddmisigh@nge has to be evaluated. A
combination of transient grating and photoacoustic experiments, computational methods amdlstansiderations have been
done for azo-benzerié/® The results yield values of the volume change caused by isomerisaton slightly above and/bel®w
A3 per molecule, and the two experimentally determined volume differences are of opggosit& she volume change
represents less than a change of 5% of the total molecular volume we can ignore volumedtheatogisemerisation in this
study.

3.3 Thermodynamics of pump—probe experiments

The hydrodynamics of the pump—probe experiment has been discussed in detail by Caetidfaizbrief summary will be
presented here.

The speed of a thermal redistribution after a point heating event is giveemtg)"

; 1 5
T(r ) exp(=r® [ dxt).
S(myr)’ t ?{__ 1)
x _ K
pC, @)

wherer is the distance from the source of the point heatiisgthe time since the heating evenis the thermometric
conductivity andc is the thermal conductivitye(in (2).

The distance from the point of origin to the half maximum of the heat distribution is then given by:

di, =24 ytIn2 3)

The relevant material constants for all solvents included in this study are abingdible 1 For an excitation fraction of 30% of
a 1 mM solution of a dye molecule, the average distance between centres of heat dep@2itiom i follows that the FWHM
of the expanding thermal distributions from neighbouring centres of heat deposition wilfteeahaverage ¢ 200 ps
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establishing homogeneity of the sample temperature distribution.

Table 1 Physical properties of the solvents required for the calculation of the solvent gmhiant temperature and pressure.
The listed properties are froraf. 83unless otherwise noted

Solvent C,Nmol*K* C_Amo*K* plgenm® x/WmiK? vims?! a,x10/K™
H,O 74.54 75.33 0.998 0.607 1497 0.214
MeCN 63.58 90.0r 0.779 0.188 1278 1.37

MeOH 67.53 81.2F 0.789 0.202 11060 1.49

EtOH 90.08 112.3 0.787 0.167 1162 1.40
Cyclohexane 10690 149.3 0.773 0.130 1292 1.15

CHLCI, 77.7 101.2 1.318 0.140 1051 1.39

CHCI, 76.& 114.2 1.483 0.117 987 121

CCl 91.¢¢ 130.7 1.583 0.103 930 1.14

4
a Specific heat capacity at constant volumey Specific heat capacity at constant pressure.Density. d Thermal conductivity. e Speed of soundf Cubic

expansion coefficientg Ref. 84 h Ref. 85 i Ref. 86 j Ref. 87 k Ref. 88 | Ref. 89

It can be shown that the thermal expansion of a volume heated by a Gaussian laser pulamsets imes$ = L/v, whereL
is the radius of the laser spot ani$ the speed of sound in the solv&nt?For a laser spot size of 1jifh and speeds of sound of
900 to 1500 m$, the thermal expansion sets in 110-180 ns after the excitation. After thermal expansiolvetftes in
hydrodynamic equilibrium with elevated temperature at ambient pressure.

A hydrodynamic system can be completely described by two of its three hydrodynamic variagsesptemperature and
density). Therefore, the difference scattering contribution associated with a @hangehydrodynamic variable can be described
by a linear combination of the difference scattering signal resulting from a changedhttvesé® Typically, the changes in
temperatureAT) and density4p) are chosen, giving the following expression for the difference scatt&r8yg (

dS(0)

dS
a7 B

Apli) 4

i

Whereas(Q)/aTlp is the difference scattering signal resulting from a change in temperaturetahtdessity andS(Q)/dp|; is
the difference scattering signal resulting from a change in density at constamatenepe

The difference scattering curve describedhw (4)is the time-dependent solvent term, and describes any changes in the
difference scattering signal caused by changes in the hydrodynamic variables of thel§tmepwo differentials iregn (4)have
been experimentally determined, the absolute changes in temperature and densitg@dsgttia TRWAXS experimenite. the
solvent term, can be fully described. On short time scales with no thermal expagsiofv,(e.g.AS (100 ps))egn (4)reduces to

as| ... - ]
37 Iff\f (100 ps) = AS(100 ps) (5)

On much longer time scales, hundreds of nanoseconds, the thermal expansion of the irradiatés voipieté® The sample
will have returned to ambient pressure, and the temperature has drogRg@bglue to expansion (whe, andC, is the heat
capacity at constant volume and pressure respectively). The differencersgaitgral caused by density changes at constant
temperature can be determined from a late time pomtl(/v, e.g.AY1 us)) by subtracting the difference scattering due to the
still-elevated temperature following the thermal expansion, from the full eifter scattering signal:

a8 C,
— Ap(l ps) = AS(1 ps) ——SAS(100 ps)
ap Pl M C P (6)

T P

At t » L/v the system will reach the same hydrodynamic change as associated with an in@edserit (reservoir) temperature.
Hence, a series of difference scattering signals calculated from séatsurements at different temperatures can be compared
directly toA(1 us), and used to determine the temperature change afteAT(1 ps). The temperature increase after 100 ps,
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AT(100 ps), and the density decrease jag,\p(1 pus), can be determined directly frokT(1 us):

AI[IOUp:.}—{L AT(] us) (7)

N

Ap(L ps) =a,pAT(1 ps) (8)
whereaq,, is the volumetric isobaric expansion coefficient. Thus, in order to determine the elssallet of the two contributions
to the difference scattering as describe¢tyy (5) and (6)he following thermodynamic parameters need to be kn@yrc_ and
a,,- This allows for quantitative determination of the temperature and the density ctamgedifference scattering signal

throughegn (4)
3.4 AT from optical density and temperature based measuremesit

The changes in temperature and density giving rise to the difference scattering ctimedateftime-points ¢ L/v) can be
found by scaling the difference scattering curves measured, to the difference tstbmegrstate measurements recorded at
different temperatures as described in the previous section. However, the high degnebbfclight absorption in the
experiment using the dye molecules allows for direct estimates of the depositpdfeorarthe experimental parameters. The
expected temperature increase can be directly calculated from the amount of bserggdaby the dye molecules in the
irradiated volume as described in the ESI.

For acetonitrile the calculation predicts a temperature riad ef 0.6 °C. The largest error in calculating will result from
the determination of the optical density of the sample; for the experiments presenet¢ide error is below 10%.

4 Results and discussion
4.1 Dye and solvent properties

To deposit heat in a solvent with NIR radiation, the absorbing vibrational overtones have to be knafsofptgon spectrum of
acetonitrile is shown ifig. 1and relevant spectroscopic data on all the solvents investigated in the present stumyrerized
in Table 2(absorption spectra of the other solvents are given ith)ERlom these experiments we estimate that an optical density

exceeding 0.4 chis needed to obtain a solvent response using NIR hédting.
3

——CH,CN |'

]
1

Absorbance / [em™]

500 1000 1500 2000 2500
Wavelength / [nm]
Fig. 1 The absorption spectrum of acetonitrile.

Table 2 The three lowest wavelength NIR absorption of solvents, with an absorbance higher than 0.4atkeristia lifetime of
the intramolecular vibrational redistribution (IVR) is given where it can be fourmilitérature

Solvent Alnm A em™t ainm A lem™ anm A__Jem™  VR¥ps
Cyclohexane 1180-1230 11 1386-1424 0.43 1688-1865 >4.0 —
Decalin 1180-1230 11 1386-1424 0.43 1688-1875 >4.0 —
CHLCI, 1634-1732 3.4 2180-2295 24 2295-2455 24 —

a In all cases only the major short component lifetime of the complex vibrationaklaxation behaviour is given.
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Solvent Alnm A LCm™ ainm A lCm™ anm A__Jem™  VRps
CHCI2 1670-1710 2.1 1840-1875 0.9 2295-2420 2.3 237294
ccl, — — — — — — —
MeCN2 1374-1384 0.42 1642-1772 1.78, 2.88 1830-2020 1.49 ~-80°°
EtOH 1174-1210 0.53 1356-1658 2.7 1658-1865 3.5 —
MeOH? 1176-1210 0.52 1348-1658 >4.0 1658-1890 3.9 1027
H,O® 1150-1264 0.54 1264-1682 >4.0 1682— >4.0 19899

a In all cases only the major short component lifetime of the complex vibrationaklaxation behaviour is given.

The wavelength ranges where this optical density can be achieved are includelg i note that some solvents require NIR
excitation at >1500 nm and solvents not containing hydrogen cannot be readily heated by NIR excitation.

If NIR excitation of solvent vibrational modes is used to deposit heat in the solvengsiergial that the VR of the excited
vibration occur much faster than the timescales of interest in experimentssoh#esdynamics are being studied. Characteristic
lifetimes of the most long-lived vibrational modes are includethalsle 2 Each vibrational mode in a given solvent has a different
lifetime and as a consequence the solvent dynamics will depend on the wavelength afreXtitat*The full VR process has

been measured in a very limited number of solvents and only at selected excitatiomgihs&té’ In Table 2the longest
reported time required for full VR is given. In the present context, it is sufficientectmattin order to determine the solvent
term, theAS(100 ps) curve can be measured using NIR excitation for all solvefabli@ 2 This is most likely also true for
experiments involving a solute, for instance: iodomethane deposits vibrational energyliptoWT, and acetone;dn 50 ps,

44 ps and 16 ps respectivélyTo develop a standardized method for determining the solvent term by using dye mediated solvent
heating, a dye meeting the following requirements is needed; the dye has to:

(i) be stable under the relevant experiment condition,

(i) absorb light across most of the visible spectrum,

(i) be soluble in the most common solvents,

(iv) efficiently deposit energy into the solvent upon photoexcitation on a sub 100 ps timescale,

(v) have a negligible solute term and solute—solvent cross-term,

(vi) be readily available.

These requirements are all met by the tailor-made azo-dyes sh&wgn 2hTo meet the requirement of solubility three
different dyes have to be used: the water soluble Fast Yellpw-promo-4(N,N-diethylamino)-azobenzen&)(and 4-{,N-
diethylamino)-2-methoxy-4nitro-azobenzened]. The absorption spectra of all three dyes in methanol are shdvign B

NH2 AN NS

e
@@6

Ogﬁ' ONEI ‘_N-r

1 2 3
Fig. 2Molecular structure of sodium 4-aminoazobenzene-
3,4-disulphonateX), 4-bromo-4(N,N-
diethylamino)-azobenzeng)(and 4-(,N-diethylamino)-2-
methoxy-4-nitro-azobenzenes].
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Fig. 3 Absorption spectra of sodium 4-aminoazobenzene-
3,4-disulphonateX), 4-bromo-4(N,N-
diethylamino)-azobenzeng)(and 4-(,N-diethylamino)-2-
methoxy-4-nitro-azobenzenes) in methanol.

As the dyes show a significant degree of solvatochromism, the absorption spectra of thalliyles investigated solvents
are included in the ES1.The solubility and molar absorptivity &fin water, methanol and ethanol are compile@iahle 3 1 is
completely insoluble in acetonitrile and all the less polar organic solvents. In eateentrations df sufficient to record a
solvent response can be reached over the spectral range from 250 nm to 525 nm. In methanol and attraeehlie optical
densities are only sufficient to deposit enough heat into the solution argyimithe 370-420 nm range to obtain a usable
difference scattering curve in a reasonable experimental timeframe.

Dyes2 and3 are sufficiently soluble in all commonly used organic solvents and they cover the optitalreprdthe
wavelength range from 250 nm to 575 nm. Two dyes need to be used, as cothpbowd only limited solubility in
cyclohexane and is poorly soluble in methanol and ethanol. Solubility, absorption maxima, and the molar absotsaiggted
wavelengths are compiled irable 3for dyed, 2 and3.

Table 3 The molar absorptivity and solubility propertieslo? and3 in the investigated solvents, and the molar absorptivity at
common laser lines

Solubility
Compound solvent Ao Jomoe MTtemt g /MTem™ g /MTem™t g /MTem™t M gl

1

H,O 386 19 200 100 18 000 7500 0.12 55
MeOH 391 24 000 600 23 800 8600 0.0038 1.7
EtOH 395 19 200 700 19000 6700 0.026 12
2

Cyclohexane 419 24 700 500 19 500 11700 0.057 19
Decalir? 422 19 300 700 14 600 12 700 0.6 199
CH2C|2 433 33400 3300 16 200 10 300 0.97 323
CHCI3 429 23700 900 21 500 10700 0.66 222
CC|4él 422.5 28 800 500 20 200 11700 0.25 83
MeCNe 442 15900 1300 11 300 12100 0.3 100
EtOH 426 32100 500 20 300 9700 0.18 60
MeOH? 429.5 32 000 500 19900 9900 0.151 49.8
3

Cyclohexane 464 27 200 9000 4800 7800 0.0180 5.9
Decalin 469 26 500 6700 7700 8000 0.38 120

a The compound forms aggregates at high concentrations, with higher absorption dbeients per molecule than the isolated molecula Single molecule

absorption coefficient at high dilution.
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Solubility
Compound solvent 4, /om & __/M7tem? ¢ /M7Temt g /MTemt g /MTemt M glt
CH,CI, 506 34 800 24 900 5500 10 400 0.17 56
CHCI, 504 29500 29500 5600 8300 0.25 82
CCl, 473.5 27 200 10700 6500 8200 0.035 11
MeCN 498 31900 24 800 5600 7100 0.245 80.5
EtOH 494 31300 22700 5500 9300 0.024 7.9
MeOH 495.5 32000 24000 5600 6700 0.0271 8.9

a The compound forms aggregates at high concentrations, with higher absorption dbeients per molecule than the isolated molecula Single molecule

absorption coefficient at high dilution.

4.2 Time-resolved X-ray scattering

A time resolved X-ray scattering experiment is initiated when a laser pudsbdisample, exciting a fraction of the azo-dyes.
The deactivation of the dyes releases the absorbed energy to the surrounding solvent. Bhis agsatiperature and pressure
increase at unchanged density. The process described above takes less than 100 ps. Tlaa smvebédreated as a solution
that has been heated by several point sources. The solution will have gone through thermal ex—fslomsain a process
where the volume increases and the pressure returns to ambient. That is, theussrgreatdhe density decrease.

By choosing a time point prior to thermal expansion {00 ps« 150 ns) and a time point after thermal expandieni(us >
150 ns), we can obtain one difference scattering curve containing only a contribution frompidnetera solvent differential and
one difference scattering curve dominated by the density solvent differential. Tiheduétical treatment is given in Section 3,
note that the critical time constant (150 ns) arises frhmwherel is the size of the laser spot ani$ the speed of sound in the
liquid. The temperature increase and the density decrease for each solvent are Satwendi

Table 4 The density and temperature changes obtained for the data constituting the solventiai$fer&ig. 3

Solvent AT(100 ps)/K AT(1 ns)/K Ap(1 ps)/kg m3
MeCN 1.01 0.71 -0.77
Cyclohexane 0.99 0.70 -0.63

MeOH 0.67 0.56 -0.66

EtOH 0.71 0.57 -0.63

CH.CI, 1.11 0.71 -1.28

CHCI, 0.86 0.66 -1.22

CCl, 1.10 0.76 -1.40

a Parameters were determined as decribed in Section 3.

4.2.1 Solvent terms from dye mediated point heatingThe difference scattering curves obtained after excitation with a 400
nm pulse of dyesand3 in acetonitrile are shown irig. 4 The dye mediated solvent heating is almost indistinguishable between
the two experiments.
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Fig. 4 Difference scattering curves at 100 ps (A) and 1B)
for 1.5 mM 4-bromo-4(N,N-diethylamino)-azobenzeng, (
black) in acetonitrile and 2 mM MN(N-diethylamino)-2-
methoxy-4-nitro-azobenzene3( gray) in acetonitrile excited at
400 nm, 20QuJ per pulse.

Dye 2 was used to determine the solvent term for acetonitrile, cyclohexane, methanol, dtbhloogmethane, chloroform
and carbontetrachloride. The solvent differentials extracted from the diffegeaitering are shown fig. 5(see ESt for a
detailed description of the transformation of raw data to solvent differentibks)drameters needed to derive the solvent
differentials from the difference scattering curves of the seven solvents caimiddriTable 1
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Fig. 5 Scattering response identical to the principal solvent
differentials (density and temperature) for point heated
acetonitrile (A), cyclohexane (B), methanol (C), ethanol (D),
dichloromethane (E), chloroform (F) and carbon tetrachloride
(G) from data obtained by exciting a solution of 4-bromo-
4'-(N,N-diethylamino)-azobenzeng)(with an optical density of
0.15 at 400 nm with 20@J (0.15 J cn¥) pulses (for an estimate
of the error see E$).
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4.2.2 Preliminary interpretation of solvent terms. The solvent termggn (4) of each solvent comprises the two solvent
differentials shown itfrig. 5. This term can describe the difference scattering induced by the structural dhahgesolvent at
any point in time following a point heating event. That is, no information regarding the molecsidstion or the mechanism of
interaction between the solutes and the solvent is found in the solvent term. This iofoti@sin the solute term and the
solute—solvent cross term. The experiments described here are designed in a wagitirattive from solute and solute—solvent
interactions will have disappeared prior to data colledt@mmnvithin the first 100 ps, see above.

The solvent differentials are normalised to one Sl unit of change and scatterindyirtemssponding to one solvent
molecule. Thuskig. 5shows the changes in scattering of a solvent, normalised to a single solvent moleculejsttesiet by
one degree (1 K) at constant density, or when the density is decreased by oné (hégnt®) at constant temperature.

A steady-state scattering curve shows the fingerprint of the structure of a sthleesteady-state scattering is included as
ESL.t For all solvents, a dominant peak is observed in the intérval.4—2 A% This peak, the solvent peak, arises from the
most common nearest-neighbour distamge) Of the most strongly scattering atoms of the solvent (C, N, and O, where Cl is not
present; otherwise CIQ = 2n/r  describes the solvent peak, wherecan take a range of solvent specific valtiéa full
interpretation of the steady-state scattering will be possible through extensipetatiamal chemistry, which is outside the scope
of the work presented here. However, qualitative conclusion can be made by cursory inspdutisoleént differentials.

The structural changes following a decrease in density at constant temperaturentenpteted as an increase in volume per
molecule. This will induce an increase of the average nearest-neighbour distanog, tigiolvent peak to low&:. This is
observed in all solvent density differentials as an increase in the scattenmsityné¢Q below the solvent peak position, and a
decrease dP above the solvent peak position.

The structural changes following an increase in temperature are less reaailyised. However, the difference scattering
curves and solvent differential for acetonitrile (paneFiy,. 5 show a decrease of scattering intensity at the maximum of the
solvent peak, and an increase in scattering on the edges of the solvent peak. This corresponesrtg aridwidening of the
solvent peak, which is identical to a broader range of nearest-neighbour distances of gtenglg scattering atoms of the
solvent.e. a widening of the Boltzmann-distribution describing

Cyclohexane and the chlorinated solvents show a different behaviour where the solvent peali lowee®twith increases
in temperature. The protic solvents have another type of behaviour, where the solvent peak mgiveQoTHie former can be
explained by a higher level of molecular vibration resulting in a longer average distaneerbatarest neighbours. The latter
can be assigned to breaking of hydrogen bonds, which will decrease the average distanceHaesiveagly scattering oxygen
atoms. An effect that is diminished as the length of the alkane chain grows, resutiegrimaller difference scattering intensity
change observed for ethanol when compared to methanol.

The solvent differentials shown Kig. 5can be used directly to describe the structural behaviour of the investigated solvent.
Any change in the hydrodynamic parameters, starting from ambient experimental conditidresrationalised using these
solvent differentials.

4.2.3 Factors influencing the determination of solvent termsHaving demonstrated that the selected dyes can be used to
determine the solvent term of different commonly used solvents in TRWAXS experimerits/estigated the dependence of the
difference scattering signal on dye concentration, laser power and excitation wawelengt

The data irFig. 6 show that the difference scattering signal scales linearly with both dye cotioardral laser power up to a
limiting value of both parameters. The total difference scattering intensitghsasved to increase linearly with the absorptivity
i.e. with the expected energy deposited in the solute, to an absorbance/optical density o2 @5 farcurs at concentration of
=5 mM at 400 nm. The laser power, and the resulting amount of energy deposited in the solution, was fdunsdtapdo
around 0.2 J cm (150 GW cm?), after which the difference scattering signal does not increase further. A passildnation for
the latter could be onset of intensity dependent multiphoton processes in the surfacejoittisediet. This would explain why
the onset of the nonlinearities is independent of dye concentration. It is worth noting thetripescin the signal monitored in
these experiments are in theifange of the total signal intensity measured. To see these signals relativelybigholaers are
required. The probed volume is quite large and the detected signal is apparently not influeffeetstig the first few layers of
molecules at the surface of the film (which in any case is different in strilauréhe bulk of the film). Only when the higher
order effect disrupts the bulk of the solvent film, or sufficient amounts of energy tag¢ ths film surface, will the higher order
effects be registered in the scattering signal.
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Fig. 6 Integrated signal strength of the total difference-
scattering curve as a function of the concentration of 4-bromo-
4'-(N,N-diethylamino)-azobenzeng)((A) and laser power (B)
excited at 400 nm; in A, laser power was 20Q0.15 J cr)

per pulse, in B two concentrations are shown. Points at low
concentration/laser power are fitted to a line.

Changing the excitation wavelength results in difference scattering curves drdiffienplitude, however, when scaled by the
amount of energy deposited in the sample the signals become indistinguisiable The amount of energy deposited in the
sample can be calculated from both steady-state variable temperature dataaiydgtiusing the optical density of the dye
solution together with the laser fluency as described in Section 3.4. The energy depositiarecalising an optical density of
0.15 is compared to the results of scaling the data to steady-state measureRign8 Tine amount of deposited energy
estimated from the two methods is within 5% of each other for all solvents sttfdiéis shows that, when staying within the
linear regime of the laser power, the absolute temperature change can be dadingletly from the spectroscopic parameters of
the setup. Thus, the steady-state measurements at different temperaturesrbdoodant. By using one of the azo-dyes, the
solvent term described lBgn (4)can be determined on an absolute scale in a single TRWAXS experiment using only two time
delays, 100 ps andy.
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4.2.4 Heating method. To confirm that the solvent response is independent of the heating method, the differémdegscat
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responses resulting from dye mediated solvent heating and NIR heating of acetonitriktlzautbl were compared. The
normalized difference scattering curves are showrign9. It has previously been shown that NIR excitation of methanol, at
intermediate laser powers, gives a better description of solute mediated hegiotetpas MD simulationé® Panel A inFig. 9
shows that for methanol, NIR and dye-mediated solvent heating results in identicahd#fscattering curves. This demonstrates
that the solvent response can be recorded with both mechanisms of energy deposition, andrtitatitakdstnamics of the dye
molecules does not contribute to the difference signal. For NIR mediated energy depositithanol, a fluency threshold~f 1
J cm? (~800 GW cn) has been identified, above which a signature corresponding to a density increase cotatribates

difference scattering signal fronx 50 ps td = 2 nst°? This short-lived density increase has been assigned to micro-cavitation

(formation of micro-bubbles) in the liquid caused by extreme local heat deposition by higéeatmsorption processes.
A)

0.3

—— 100 ps NIR
— 100 ps Dye 2
0.2

(=]
b

QA S/[a.u]

0.2 — 100 ps NIR |
—— 100 ps dye2

4
Q/A

Fig. 9Normalized difference scattering curves of methanol (A)
and acetonitrile (B) recorded wittt = 100 ps following direct
vibrational NIR excitation at 1718 nm (black) and dye-mediated
heating with 4-bromo-4(N,N-diethylamino)-azobenzeng,(

black). Laser power was 4@Qd (0.30 J cr7f) per pulse at 1718
nm, and 20QuJ (0.15 J crif) per pulse at 400 nm.

Panel B inFig. 9shows that a similar behaviour is observed for acetonitrile, with a significantty famency threshold. As
for methanol, the NIR mediated solvent heating results in difference scattereg with a significant contribution of positive
density change at the times uptto 1 ns. The process of identifying the contribution as a result of a density increaseiliedescr
in the ESIT A cursory inspection shows that the NIR generated trace in pandtiB. &appears like a negative version of
density differential in panel A dfig. 5 Unlike methanol, the contribution from the density increase could be seen after NIR
excitation of acetonitrile for all fluencies, where difference scatteigmaks could be detected. The minimum fluency where a
difference scattering signal could be identified with NIR excitation of vibratiovettones of acetonitrile was 0.15 J €120
GW cnt?). We tentatively assign the lower fluency threshold for acetonitrile to an indregsiéed state absorption. This shows
that NIR mediated energy deposition cannot be used to obtain the temperature componentvefithdifferential for
acetonitrile.

As the dependency on fluency and the fluency threshold is different from solvent to solvent, dasmmpofiver has to be
performed, when using NIR mediated solvent heating. This has to be done in order to verifyshlgetiteesponse is recorded
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at a laser power below the onset of any high-fluency effects. With the set-up used exfiegsEEments, the transient signal
recorded using NIR excitation of acetonitrile was monitored as the laser posvdearaased to the point where no difference
signal could be identified, even the least intense signal was dominated by high-fluectsy effe

5 Conclusions

A set of three azo-dye§,(2 and3) has been investigated in order to introduce a standardised method for experimental
determination of the solvent response in laser-pump, X-ray probe time-resolved wiglecaaglscattering experiments on
molecular systems in solution. The photophysics of the parent azobenzene compound were nediesgezha conclude that on
current synchrotron time scalgs>(50 ps) all energy from excitation of the dize8will have been deposited into the solvent as
heat, and no other effects will be contributed to the difference scattering signahefg @eposited in the solvent by
dye-mediated solvent heating was shown to depend linearly on laser power and dye concentratiagnifindenof the
difference scattering signal can be forced into a non-linear regime, but the shape edtbesoh difference scattering curve
corresponding to a specifit remains unchanged. We must conclude that a difference scattering curve corresponding to point
heating of the solvent can be obtained under a very wide range of experimental conditionglytbgti3are ideal dye
candidates to be used in a standardized method for experimental determination of tii¢esahvaesing dye mediated solvent
heating. Complications inherent to NIR heating of the solvent, as observed in both methanolaauittilacstiggest that
although NIR heating can be used to determine the solvent term, a standardized method hiyetmed@ted solvent heating.
Furthermore, dye-mediated solvent heating allows for direct calculation of the ameuetgy deposited in the solvent, thus
removing the need for steady-state measurements. We have used the method proposed hette & Ideaey of the
hydrodynamic constants and solvent differentials that constitute the solvent terar-jpuap, X-ray probe time-resolved
wide-angle X-ray scattering experiments on systems in soltftion.

We conclude that the currently superior method for determining the solvent terms infeXBR¥periment is to use one of
the dyes introduced here. The dyes are soluble in all solvents, they cover most of the vigible siiexy give reproducible
results on multiple beamliné® they exhibit linear behaviour in a large concentration and laser power range, and thegilgre rea
available in pure form’ If a solution of one of these azo standards with a concentration corresponding to an optigabti@sssit
and a laser power lower than 2@Dper pulse is used, then a pure solvent signal will be obtained in all laser pump X-ray probe
TRWAXS experiments. A detailed description of how to obtain the solvent diffeeigtigiven in Appendix A and expanded in
the ESI

Appendix
Appendix A: how to measure a solvent response

A solution of one of the three selected dyes should be prepared such that the optical denspiudfchet the wavelength of
the pump laser is 0.15-0.5. The laser peak fluency should be in the high end of the linear regime at arounti Bct acm
typical 300um liquid sheet, the energy-deposition should thus amount to around, &echaround 15 J cifor a 100um
liquid sheet. These are ‘typical’ experimental values and should give standard signas ratnass Typically, only two
time-delays are needed. One delay before the onset of the thermal expansion and onétefterahexpansion has run to
completion { « L/v andt » L/v, as described in the main text). Usually, a delay in the 100-500 ps range and a delay ipshe 1-3
range are used.
The early time point will contain the signal from the temperature change caused bgrthedeposition at constant volume
(AT = AE/C,). While the late time-point will contain the signal from the temperature andylehaitge experienced by the probe
pulse after the thermal expansion has run its cowBeAE/C, Ap = a, AE/C,). Thus, a linear combination of these two
difference scattering curves can be used to describe any change in hydrodynamic pashthetbrgk solvent, and will be able
to describe the solvent at any time-point during an experiment. The absolute value of heat gndhdengs can be obtained,
either through a steady-state experiment or by evaluating the deposited energy experiencKerdoy pinebe pulse (both
methods are described in the main text).
If NIR excitation is preferred, a wavelength should be chosen where the optical dertsitgafiple is greater than 0.1 and
the laser fluency should be adjusted to the optical density such that the initial tengp@@ease is no larger than 1.5 K. This
will in most cases ensure that the data are recorded at a laser power lowee thr@akdown of the linear response, although this
might not be possible for all solventsdacetonitrile as shown in the main text). For an expanded description and a summarized
experimental log see the ESI.
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Appendix B: description of the IDO9B setup

Optical pump pulses were generated by frequency conversion of the fundamental radiatibe fregend Elite Ti:sapphire
amplified system (Coherent Inc.) configured to produce picosecond near-IR pulses (792 nm, WHM)s Wwith the amplifier
synchronized to the 360th subharmonic of the synchrotron RF clock (986.3 Hz). Frequency conversion waedpetfar by
optical parametric amplification (TOPAS-800, LightConversion) or second harmoni@tgeneAfter frequency conversion the
laser pulses were guided to the sample, arriving at a 10° inclination angle with teghedhcoming X-ray beam.

Single X-ray pulses~ 100 ps FWHM) generated from the U17 undulator were selected usihguaicaéchopper, which —
like the laser amplifier — was synchronized to the 360th subharmonic of the synchrotron dcl{@®8 Hz). For the
measurements of the signal strength as a function of dye concentration and laser poavepitiielseam energy spectrum of the
U17 undulator was used. For the rest of the measurements the X-ray energy-rangecteasusahg a Ru-multilayer. For these
measurements the energy spectrum of the X-ray pulses arriving at the samplly isent=tly Gaussian centered at 18.0 keV
with a bandwidth of 2.5%. The sizes of the laser and X-ray focus were measured using a pihtleterained to be 350n (h)

x 340um (v) for the laser spot and 18t (h) x 80um (v) for the X-rays (horizontal and vertical dimensions respectively).

Before starting the experiment, a coarse tim=1g ( 70 ps) of the laser/X-ray delagteemined by a GaAs diode placed just
behind the sample system. During the experiment, the actual pump—probe delay on the sampletovad maminvasively-

10 ps precision) using a GaAs photo-diode capturing the laser scattering from one of the guidnsgand a fast diamond X-ray
detector set in the direct beam transmitting about 90% of the radiation. The tineing/ditt determined to be <2 ps (rms). The
scattered X-rays were detected by a FreLON CCD detector with 2048 x 2048 pixeds4danen from the liquid sheet sample
produced by a high pressure nozzle.
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