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We present a micro-jet sample delivery system for Raman measurements. Compared to cuvette

measurements, the observed Raman signal is enhanced by more than one order of magnitude and

does not contain signal distortions from the liquid-glass interface. Furthermore, the signal stability

of repeated measurements is enhanced due to reduced sample damage effects by constantly replen-

ishing the sample. This allows the study of sensitive samples that can only be produced in low con-

centrations. Our setup consists of a controlled sample environment that can be either under vacuum

or an exchange gas, which allows the study of samples that are unstable in air. Finally, by matching

the effective source point of the Raman instrument with the diameter of the jet, controlled experi-

ments using laser beams of different wavelengths are possible. We see future applications of our

setup for resonance Raman and time-resolved Raman measurements of bioinorganic samples.

Published by AIP Publishing. [http://dx.doi.org/10.1063/1.4967476]

Copper is an important redox-active metal in many bio-

logical processes.1–13 The structural imitation of active cen-

ters in bioinorganic chemistry allows the development of a

synthetic catalyst inspired by an enzymatic mechanism.1–10

The structure of many bioinorganic metal complexes is

strongly connected with the charge-transfer mechanisms

between different metal oxidation states.1 The ligand-to-

metal coordination can be studied by Raman spectros-

copy.1,14 Time-resolved measurements allow to study the

detailed mechanisms of the charge-transfer processes.1 UV

Resonance Raman provides detailed information on donor-

metal vibrations and insights into electronic and structural

degrees of freedom. Since these samples are usually in solu-

tion, conventional methods of Raman measurements utilize a

cuvette1 or a flow cell selection. This results in small signals

and a strong sensitivity to sample damage effects with rela-

tively low laser powers. Also, the glass surface of a cuvette

or flow cell is in direct contact with the liquid surface, result-

ing in distortions of the signal. In our new sample delivery

system, we eliminate the interface between glass and cuvette

under vacuum conditions, which leads to a significant signal

improvement in a controlled sample environment. This makes

it possible to achieve good signals at low sample concentra-

tions resulting in low sample consumption during the Raman

measurements. The sample damage effects are avoided by

continuously replenishing the sample. These advantages allow

us to perform longer measurements with many accumulations,

which are necessary for the study of resonance and transient

Raman measurements.

The experimental configuration used in our experiments

is shown in Fig. 1, depicting the positioning of the chamber

into the focal point of the reflective objective that couples

the light into the UT-3 Raman spectrometer, which is a

triple-grating deep ultraviolet to near-infrared instrument

with two subtractively coupled monochromators acting as an

optical bandpass filter in a wavelength range between 165

and 1000 nm.15 The instrument is also capable of performing

time resolved studies.16 The reflection of the direct laser light

FIG. 1. CAD drawing of the jet chamber constructed for Raman measure-

ments using the UT-3 Raman spectrometer. We display the entrance optics

of UT-3 Raman spectrometer. This setup allows a sample delivery via a

micro jet into the entrance optics of spectrometer. A sample delivery system

to the nozzle for the sample injection inside the entrance optics and a jetting

gas dynamic virtual nozzle with a jet diameter of 10lm, recorded with the

endoscope camera inside the jet chamber.a)Electronic mail: atittel@physnet.uni-hamburg.de
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from the jet was blocked by a beam block inside the entrance

optics. More details on this experiment can be found in

Schulz et al.15 The vacuum chamber consisted of a stainless

steel main body with an adapter for the entrance optics in

front of it. A fused silica window at a distance of 5mm from

the jet was mounted in front of the adapter. It enabled an

unhampered beam penetration into the chamber, but

still allowing tight focusing onto the jet. A turbomolecular

vacuum pump (Hi Pace 80, Pfeiffer) on the right side of

the chamber can be connected to generate a vacuum.

Alternatively, a controlled He/N2 atmosphere in the chamber

could be established. While there was no sample catcher

inside the chamber, the vacuum pump also assured the evac-

uation of used sample. The measurement of the vacuum

inside the chamber was carried out by a Pirani cold cathode

(PKR 251, Pfeiffer). Best achievable pressure inside the

chamber during the jet operation was 10�7mbar. Fig. 1

shows the sample delivery system to the nozzle. Liquid was

supplied to the nozzle using a middle-pressure syringe pump

(Nemesys, cetoni) via a polyether ether ketone (PEEK) capil-

lary. A pressure regulator controlled the pressure of the He

gas supplied to the nozzle via a second PEEK capillary. The

nozzle was located behind the window and was connected

via a stainless bolt to an xyz-stage (Multi Base XY14). This

stage was controlled by a micrometer screw, enabling a pre-

cise manual movement to facilitate an overlap of the jet with

the UT-3 focal point (see Fig. 1). An endoscope camera

(Supereyes
VR
B003þ) mounted behind the jet nozzle allowed

the observation of the jet stability during the measurement.

Hence, the endoscope camera facilitated the adjustment of

the jet focus point. We used ceramic-based gas dynamic vir-

tual nozzles17 for generation of the micro jet.18–28 To fit the

nozzle to the jet chamber, we designed a special short nozzle

with a 10-mm long ceramic piece. For the Raman measure-

ments, we used a Millennia-Tsunami system (Spectra

Physics) with a repetition rate of 80MHz and a pulse energy

of 15 nJ including flexible harmonic generation as a source

for the photons incident on the sample and a UT-3 Raman

spectrometer as analyzer of the scattered light. For steady

state measurements, a wavelength of 425 nm [full width at

half maximum (FWHM) is 1.8 ps, pulse energy¼ 0.9 nJ] for

the Raman probe was used. To study the charge-transfer

mechanisms of the samples, we employed a pump-probe con-

figuration with a pump wavelength of 283 nm (FWHM¼ 1.7

ps, pulse energy¼ 0.29 nJ) and a probe wavelength of 425 nm

(FWHM¼ 1.8 ps, pulse energy¼ 0.31 nJ). To validate the

Raman setup, we used the biomimetic model complexes for

the entatic state, which have been prepared using procedures

from the literature.1,29 These complexes consist of a CuI cen-

ter with the hybrid guanidine-quinoline ligands TMGqu or

DMEGqu.1,29 The center ion is bound to four nitrogen atoms,

which belong to two quinoline and two guanidine groups. The

dominant copper-core related vibration modes at 530 cm�1

(Cu-Nqu) and 645 cm�1 (Cu-Ngua þCu-Nqu) are highly rele-

vant as they yield information on the structural distortions of

the Cu-center.1,6,29–32

For the optimization of the Raman signal it was impor-

tant to fit the jet size to the optical Raman spot size with

regard to the measurements with the UT-3. We needed to

optimize the laser power deposited into the jetting sample

without disrupting the jet. The spot size of the UT-3 Raman

setup was adjusted to 20 lm. In order to increase the original

micro-jet diameter of 2–5 lm,17 we systematically changed

certain jetting parameters. The micro jet diameter Dj is given

by17–26

Dj ¼
8ql

p2 aqg � P0

� �

" #1
4
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1
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with ql the liquid viscosity, a the special velocity, Ql the liq-

uid flow rate, P0 pressure outside the nozzle and qg ¼
Qg
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ume. The first step for jet diameter optimization was an opti-
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and k ¼
Cp

Cv
the ratio of specific heat of the gas. Pi is the pres-

sure inside the nozzle, R denotes the ideal gas constant, T

the temperature, and mg the molar mass of the gas. To maxi-

mize the jet diameter, Dj, we decreased aqg by decreasing

the gas flow, Qg, and the parameter a (Eqs. (1) and (2).

Minimizing a was done by minimizing the Mach number

and increasing the chamber pressure, P0 (Eq. (3)). For this

reason, we have decreased the gas pressure to a minimum

value of 200 Psi that still allowed the formation of the jet. To

make the ambient pressure jet possible, we have built a sam-

ple unloading system consisting of a sample catcher under

the nozzle, a sample transporting pipe and a reservoir for the

used sample. For the further optimization of jet diameter, we

have increased the liquid flow rate systematically. With a

sample volume of 60ml and a typical flow rate of 70 ll/min,

a continuous measurement time of 15 h was possible. The

optical spot diameter of 20 lm and the jet diameter of 10 lm

resulted in a homogeneous illumination of the jet in our

setup. The resulting Raman signal as a function of the flow

rate is shown in Fig. 2(a).

Only sample flow rates in the range of 15 to 100 ll/min

were achievable by the syringe pump used for the sample

delivery. Elastic scattering can be seen in the measurement

at low flow rates of 15 ll/min. This suggests that the jet starts

to generate single drops at very low flow rates leading to

scattering of the laser light in all directions, which cannot be

blocked with a beam block inside the entrance optics. As

shown in the Fig. 2, we observe a continuous rise of Raman

signal with increasing flow rates. The sample peaks become

sharper and rise from the background continuously. The typi-

cal structure of the Raman spectra for Cu(DMEGqu)2PF6 is

clearly visible at 70 ll/min and at 100 ll/min in the figure.

213502-2 Wetzel et al. Appl. Phys. Lett. 109, 213502 (2016)



We have decided to use a 70 ll/min flow rate in the follow-

ing measurements as a reasonable compromise between a

signal quality and a possible jetting time, defined by the

syringe volume and optimal working conditions of the

syringe pump. We have analyzed three relevant vibration

modes of the sample: solvent (CH3CN) mode at 375 cm�1

and two core vibration modes: Cu-Nqu at 530 cm�1 and

Cu-NguaþCu-Nqu at 645 cm�1. The ratio between the sol-

vent peak (CH3CN) and the first Cu-Nqu mode is constant as

shown in Fig. 2(b). The ratio between the first Cu-Nqu mode

and the second Cu-NguaþCu-Nqu mode is also constant in

the Fig. 2(b). This provides information about the sample

stability during the change of the flow rate. The peak inten-

sity of the first Cu-Nqu mode rises with the rising flow rate

directly proportional as shown in Fig. 2(c). To optimize the

intensity of the sample peaks in comparison to the solvent

peaks, we have changed the concentration of the sample in the

jet. As shown in Fig. 3, a low sample signal at 0.1mM concen-

tration develops as a strong signal at 3mM. Concentrations

above 3mM were not possible to measure, as they would

quickly clog the nozzle. The ratio between the solvent peak

(CH3CN) and the first Cu-Nqu mode is constant as shown in

Fig. 3(b). The ratio between the first Cu-Nqu mode and the sec-

ond Cu-NguaþCu-Nqu mode is also constant in Fig. 3(b) indi-

cating that the sample characteristic peaks are not modified

by the changing concentrations. The peak intensity of the first

Cu-Nqu mode rises linearly with the increasing sample concen-

tration as shown in Fig. 3(c).

The non-linear increasing proportion of the solvent peak

to sample peak for lower sample concentrations might be

explained by coordination of solvent with the sample. The

penetration depth of a 425 nm wavelength laser for the maxi-

mum sample concentration is approximately 100lm, which

is at least one order of magnitude larger than the jet diame-

ter. For all further measurements, we decided to use a 2mM

concentration of the CuI sample to allow an optimized

sample delivery through the nozzle and also to minimize the

clogging processes. To determine the damage thresholds, we

have recorded the dependence of steady state Raman spectra

on laser power in the power range from 5 mW to 70 mW. As

shown in the Figs. 4(a) and 4(b), the laser signal increases

linearly without signal saturation directly proportional to the

laser power. The ratios between sample characteristic peaks

and solvent peaks are also not affected by the changed laser

power as shown in the Fig. 4(b).

FIG. 2. (a) Flow rate dependence of Raman spectra of Cu(DMEGqu)2PF6.

(b) The ratio between the solvent peak (CH3CN) and the first sample peak

(Cu-Nqu mode) (red dots) with a linear fit (red line) and the ratio between

the first (Cu-Nqu) and the second (Cu-NguaþCu-Nqu) sample peaks (green

dots) with a linear fit (green line). (c) Absolute intensity of Cu-Nqu mode in

dependence on the flow rate (red dots) with a linear fit (blue line). The signal

increases with the increasing liquid flow rate wherein the relation between

the sample peaks remains constant. Measurements are performed with a

laser energy of 2.92 eV (425 nm).

FIG. 3. (a) Steady-state Raman measurements of Cu(DMEGqu)2PF6 in jet

with sample concentrations of 0.1mM, 0.5mM, 1mM, 2mM, and 3mM.

(b) The ratio between solvent peak (CH3CN) and first sample peak (Cu-Nqu)

(red dots) with a linear fit (red line) and the ratio between the first (Cu-Nqu)

and the second (Cu-NguaþCu-Nqu) sample peak (green dots) with a linear fit

(blue line). (c) Absolute intensity of Cu-Nqu mode in dependence of the sample

concentration (red dots) with a linear fit (black line). The signal increases with

the increasing liquid flow rate wherein the relation between the sample peaks

remains constant. Measurements have been performed with a laser energy of

2.92 eV (425 nm).

FIG. 4. (a) Dependence of the steady-state Raman spectra of Cu(DMEGqu)2
PF6 of the laser power. (b) The ratio between solvent peak (CH3CN) and the

first sample peak (Cu-Nqu) (red dots) with a linear fit (red line) and the ratio

between first (Cu-Nqu) and the second sample peak (Cu-Ngua þCu-Nqu)

(green dots) with a linear fit (green line). (c) Absolute intensity of Cu-Nqu

mode in dependence of the laser power (red dots) with a linear fit (blue line).

The signal increases with the increasing laser power wherein the relation

between the sample peaks remains constant.
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For our conditions, we expect a power deposition of the

laser beam into the jetting sample of about 50%. Fig. 5(a)

shows a comparison between Raman measurements recorded

in jet and in a cuvette. The red curve shows a Raman spec-

trum of the Cu(DMEGqu)2PF6 sample in cuvette with a sam-

ple concentration of 10mM, 19 mW laser power, and 15min

accumulation time. The blue curve shows a Raman spectrum

that has been measured in a jet with 2mM concentrated sam-

ple, 70 mW laser power, and 3min accumulation time. For

better comparison, the spectra have been normalized to laser

power, sample concentration, accumulation time, and the

irradiated volume.

The observed Raman signal in the jet (Fig. 5(a)) is

enhanced approximately 27 times compared to the cuvette.

Besides this, the sample peaks behavior in jet is clearly more

pronounced than in the cuvette and allows a precise extrac-

tion of the information on the measured sample. We have

achieved a significantly enhanced resolution of the Raman

spectra as the source is defined by the jet diameter, which is

magnified 6 times, yielding an effective slit image of only

60 lm, which is smaller than the effective image of the

cuvette that is about 120 lm.

As a result of the signal improvements, time-resolved

Raman measurements have become possible. In Fig. 5(b) we

show a comparison between the difference spectrum of

steady state Raman measurements of CuI and CuII (blue line)

and an experimental difference in Raman spectrum at 50 ps

delay time (red line). The experimental Raman spectrum

has been recorded using a 3 x beam with a pump energy of

4.38 eV (283 nm, FWHM¼ 1.7 ps, pulse energy¼ 1.29 nJ)

and a 2 x beam with a probe energy of 2.92 eV (425 nm,

FWHM¼ 1.8 ps, pulse energy¼ 0.31 nJ). The effective laser

power of the pump beam is 25 mW and the power of the

probe beam is 23 mW. These values were recorded by a

power meter in front of the entrance optics. To create a time

delay of the pump and probe beam paths, a motorized delay

line with 70mm travel has been used. The position and time

difference calibration of the observed delay has been mea-

sured with an UPD-30 fast photo diode (ALPHALAS

GmbH) inside the entrance optics employing a 20GHz

Oscilloscope (Picoscope Modell 4312, Pico Technology).

The overlap of spots of both lasers on the sample has been

controlled using the periscope inside of the first monochro-

mator of the UT-3 Raman spectrometer.3 The theoretical dif-

ference spectrum has been created by the difference between

the steady state Raman spectra of Cu(TMGqu)2PF6 (green)

and Cu(TMGqu)2(OTf)2 (brown). Because of the Metal-to-

Ligand-Charge-Transfer (MLCT) process, the oxidation state

of copper changes during the excitation with the pump laser

from CuI to CuII. In Fig. 5(b) we can see that the peak struc-

tures of both spectra are similar. The relevant core vibration

modes monitoring the structurally related catalytic activity

of the complex at 530 cm�1 and 700 cm�1 are also clearly

visible. These modes are difficult to observe as transient IR

probes higher and transient THz probes lower energies.

In conclusion, we have developed a micro-jet based

method to perform Raman measurements of bio-inorganic

liquid samples that provide a significantly enhanced Raman

signal compared to conventional methods. The samples can

be delivered under vacuum conditions allowing control of

their oxidation state. This method avoids sample damage

effects by using a continuously replenished sample and

requires a small amount of the sample for extensive measure-

ments because we can match the diameter of the jet to the

effective scattering volume. With a sample volume of 60ml

at a concentration of 2mM, a typical flow rate of 70 ll/min,

and with a jet diameter of 10 lm, a continuous measurement

time of 15 h was possible. This consumed sample volume is

small compared to the conventional liquid flow measure-

ments. The behavior of the Raman signal on the jet size,

sample concentration, and laser power have been shown to

be linear. Furthermore, the micro-jet conditions can be con-

trolled to allow transient Raman scattering to detect the

structural dynamics of the sample.
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