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A microfluidic chip with an integrated planar microcoil was developed for Nuclear Magnetic

Resonance (NMR) spectroscopy on samples with volumes of less than a microliter. Real-time

monitoring of imine formation from benzaldehyde and aniline in the microreactor chip by NMR

was demonstrated. The reaction times in the chip can be set from 30 min down to ca. 2 s, the latter

being the mixing time in the microfluidic chip. Design rules will be described to optimize the

microreactor and detection coil in order to deal with the inherent sensitivity of NMR and to

minimize magnetic field inhomogeneities and obtain sufficient spectral resolution.

Introduction

Recent years have seen an increased interest in the use of

miniaturized systems for the study of chemical reactions.1

Advantages that these microreactors offer are improvements in

heat exchange and mixing,2 or extremely high surface-to-

volume ratios in microchannel reactors for heterogeneous

catalysis.3 Another advantage is that integration of functional

elements like active mixers and heaters or components for the

real-time in-situ analysis of reaction intermediates and

products has become possible due to the developments in the

field of microelectromechanical systems (MEMS). An example

of this, related to the present paper, is the work by Kakuta

et al., who have used a micromachined micromixer coupled

to a microcoil NMR probe to study the kinetics of protein

conformation changes.4

This paper deals with the integration of planar metal-film

microcoils for the excitation and detection of Nuclear

Magnetic Resonance (NMR) signals in a microreactor chip.

Coupling NMR microcoils directly to a microreactor provides

spectroscopic information that will allow both the identifica-

tion and quantification of chemical species in the microreactor.

As will be demonstrated in this paper, the information that can

be obtained in this way may serve to study the kinetics of

chemical reactions real-time and in-situ.

Design aspects of lab-on-a-chip-based NMR

A drawback of NMR is that it is inherently insensitive,

requiring special measures in case it is applied to the very small

sample volumes present in a microreactor. NMR performed

on small sample volumes, down to 5 nl, was first demonstrated

in capillaries, in which case a solenoidal coil for excitation and

detection of the NMR signals was wrapped around the

capillary.5 In this form, NMR has been used as an on-line

detection method for capillary separation techniques like

High-Performance Liquid Chromatography (HPLC) and

Capillary Electrophoresis (CE).6 An extra feature of being

able to work with small sample volumes is the possibility to

insert multiple probes into a single NMR magnet, which

allows high-throughput NMR analysis.7

The combination of chip-based microfluidics with NMR

was to our knowledge first demonstrated by Trumbull et al.,8

who integrated a planar NMR coil on a CE chip. These

authors reported 1H spectra of a 30 nL water sample acquired

at 250 MHz with a frequency-domain signal-to-noise-ratio

(SNRf) of 23.5 per scan, and a minimal linewidth of 1.39 Hz.

Comparable results have been obtained by Massin et al.,9 viz. a

SNRf of 117 per scan but with a linewidth of 30 Hz for 30 nL

water in a micromachined glass chip with integrated microcoil,

acquired at 300 MHz. The main factor that limits the

performance of micromachined NMR-probes in terms of

sensitivity and spectral resolution was indentified to be probe-

induced static magnetic field inhomogeneity, and routes for

improvement were suggested to be in the areas of probe

design and materials, magnetic field shimming, and signal

processing.10 In the following section we will focus on aspects

of probe design.

Signal to noise ratio

For an optimal signal-to-noise-ratio, the planar microcoil has

to be properly designed, i.e. the parameter set that defines the

coil (see Fig. 1) viz. the number (N), width (w), height (h) and

separation (s) of the windings and the inner diameter (ri,),

has to be optimized. Different effects play a role in this

optimization. For example, increasing the number of windings

will increase the signal level but will also increase the coil

resistance and therewith the noise level (the main source is

Johnson noise that scales with the square root of the coil
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Fig. 1 Schematic cross-section of the micro coil with three windings

on top of a microfluidic chip.
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resistance). It is difficult to calculate analytically which

parameters yield the maximum SNR, since the coil resistance

depends non-linearly on e.g. the amount of windings, due to

the frequency-dependent skin effect and the proximity effect

caused by neighbouring windings.

In previous work11 we have shown how to find the optimum

coil geometry by using finite element simulations in FEMM.12

The design rules that can be derived from this work and that of

others are as follows: (1) The windings and the separations

between the windings should be as small as possible; this puts

demands on the tolerances of the microfabrication process; (2)

The coil height has only a small influence on the resistance and

should be about 20 to 50 mm (i.e. at least twice the skin

depth13); (3) The inner coil radius should match the average

radius of the sample volume to obtain a high filling factor;9 (4)

There is no general rule to determine the optimal number of

windings, it should be determined by simulations for specific

coil shapes (examples of optimized coils can be found in

ref. 11); (5) For a simple model of a planar microcoil it can be

derived14 that SNR scales with the inverse of the distance

between NMR detection coil and sample, which distance

should therefore be as small as possible.

Spectral resolution

Spectral resolution mainly depends on the homogeneity of the

magnetic fields over the interrogated NMR sample volume.

Commercial high-resolution NMR equipment is designed to

have a homogeneous magnetic field over a sufficiently large

area. Any material introduced in the homogeneous area

distorts the magnetic field, unless the magnetic permeability

of the material matches with that of the magnetic field area.

Although the permeability of e.g. glass and copper differs only

slightly from that of air, it still disturbs the homogeneity and

therewith decreases the spectral resolution. This is a typical

problem for NMR detection in a lab on a chip, since, in

contrast to conventional NMR probes, the volume of glass

surrounding the sample is relatively large.

To avoid these field distortions, abrupt changes in material

geometry near the NMR detection area can best be avoided.

Consequently, electrical and fluidic connections should not be

placed in the neighbourhood of the detection area. The fluidic

channel that contains the sample will also disturb the magnetic

field, but for reasons of sensitivity this has to be close to the

detection coil. Two approaches can be followed to maintain a

homogeneous field inside the sample volume of interest. The

first approach becomes clear from the simulation result in

Fig. 2a: in a spherical or cylindrical volume, the field inside the

volume will be very homogeneous. This approach was

followed by others.10,15 The second approach, the one followed

in this work, is to place a straight channel (which could have

arbitrary cross-section) in line with the magnetic field. Any

disturbances created by the ends of the channel part will

have faded out in the central region of the channel, where

the detection coil is placed (Fig. 2b). With state-of-the-art

microfabrication techniques this configuration is easier to

achieve than perfectly spherical or cylindrical channels.

Chip fabrication and NMR set-up

Two 1.1 mm thick Borofloat wafers were powder blasted,16 to

obtain a 450 mm deep channel structure in one and through-

holes in the other. The channel width is 500 mm underneath the

detection coil and the cross-section has a rounded V-shape;

the channels that connect the through holes to the detection

channel are slightly smaller. The wafers are bonded and

annealed at a temperature of 600 uC for 1 h. About 570 mm of

glass is removed from one side of the wafer stack by etching in

33 wt.% HF which will leave about 80 mm of glass between the

NMR detection coil and the bottom of the channel (see Fig. 1).

A 25 nm titanium adhesion layer and 150 nm copper seed layer

was sputtered over the whole wafer. Thick AZ9240 resist was

patterned on the wafer with a thickness of 25 mm to define the

NMR detection coil. 18 mm of copper was electroplated on the

wafer using the resist as a mould. After the resist was removed,

the remaining seed layer was removed by ion beam etching to

avoid electrical shorting between the windings. The coil has

24 windings with a width and separation of 20 mm and an inner

diameter of 200 mm. Simulations showed that at 60 MHz, this

coil has a self induction of 500 nH, a resistance of 4.5 V and

a quality factor of 42. Finally, the wafer was diced in 1 cm by

1.5 cm chips. Fig. 3 shows a photograph of the result.

A conventional NMR magnet was used for the measure-

ments (1.4 Tesla, 60 MHz, Varian EM360L), with the original

probe head removed. A chip was placed on a plastic bar (the

probe head) that allowed it to be suspended in the magnet.

The probe head could be moved to position the chip exactly in

the center of the two magnetic heads, where the homogeneous

region of the magnetic field is located. Two adjustable

capacitors were mounted on the probe head at 3.5 cm from

Fig. 2 The effect of the cross-sectional channel shape on the B0

magnetic field lines. a, Spherical or cylindrical channel and b, long

straight channel in line with the field lines.

Fig. 3 The glass NMR chip with planar micro coil. Chip size is 1 by

1.5 cm; channel width underneath coil is 500 mm.
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the chip and electrically connected to the coil. This allows

the coil to be matched to 50 V impedance and tuned to

resonate at 60 MHz for a maximum power transfer to

the electrical set-up. The electrical set-up, similar to that of

Massin et al.,17 is shown in Fig. 4. Switches (ZYSW-2-50DR),

amplifiers (ZFL-500LN), mixer (ZAD-1) and power splitter

(ZSC-2-1) were obtained from Mini-Circuits Europe, Surrey,

United Kingdom. The filter is a simple RC-network with a

cut-off frequency of 1500 Hz. The 60 MHz RF-source is

an Agilent 33250A function generator, the pulse length was

determined by an HP33120A function generator. The NMR

signal was acquired by an Agilent oscilloscope 54621A and

Fourier transformed by Agilent VEE Pro 6.0 software that

also controlled the set-up. The acquisition parameters (acqui-

sition time, number of data points, electronic filter settings)

were kept constant for all measurements. The correct

power for a 90u pulse was determined by gradually increasing

the power till maximum NMR signal was obtained. The

pulse typically had an amplitude of 0.5 V (top) at a length

of 28 ms.

Results and discussion

In our previous work we have reported a SNRf of 550 and a

spectral resolution of 0.022 ppm for water manually loaded

to a similar chip in the same set-up as described above. In this

work we modified the probe head to allow Upchurch

Nanoport connectors to be fixed to the chip. This reduced

the spectral resolution to ca. 0.1 ppm, indicating that fluidic

connections should be moved further away from the NMR coil

in future chip designs. Nevertheless, the new set-up allowed

solutions to be pumped into the chip by a syringe pump

(CMA/102 Microdialysis), via glass capillaries.

The total channel volume between the mixing point, i.e. the

point where the two inlet channels join (see Fig. 3) and the

detection coil is ca. 0.57 mL, the detection volume (the channel

volume under the coil) is estimated to be 56 nl. The residence

time in this volume ranges from 0.9 s to 30 min, depending on

flow rate. If the flow rate is too high, the excited volume of

sample will be removed from the detection region before NMR

signal acquisition is completed, which will reduce spectral

resolution. We did not observe such an effect for the settings

used in this paper.

Imine (Schiff base) formation was chosen as a model

reaction, see Fig. 5. This reaction has been performed in a

microfluidic chip before, and in the previous work was

analyzed by mass spectrometry18 or Raman microscopy.19 In

our case, the chip inlets were connected to two 100 mL syringes

containing 4.95 M benzaldehyde and 0.475 M tetramethyl-

silane (TMS; NMR reference) in deuterated nitromethane

(CD3NO2) and 4.95 M aniline, 0.523 M TMS in CD3NO2,

respectively. Fig. 6 shows the 1H NMR spectra of the

individual solutions measured in the chip.

Due to the high reactant concentrations, a substantial

amount of water was formed during the reaction, which is

immiscible with the organic substances and remains stuck at

channel walls, particularly at corners. Therefore, a high

flowrate flush was applied between the scans to prevent the

dominance of water resonance in the spectra. After flushing,

the flow rate was set to a lower value to achieve the desired

residence time.

The measurement procedure was as follows: the two

reactants were loaded in the chip with a chosen flowrate.

The flowrate determines the residence time in the channel

section between the mixing point and the detection area, and

this residence time is taken as the reaction time. A NMR scan

is taken (aquisition time 0.2 s, 2000 data points), after which

a delay time was taken before the next scan was recorded.

The exact delay time was scaled with the flowrate to ensure

complete refreshment of the detection volume, however a

maximum delay time of 10 s was taken. Per reaction time 32

NMR scans were measured and averaged.

For analysis of the reaction kinetics, we focused on two

peaks, viz. the aldehyde peak of benzaldehyde at 9.9 ppm and

the imine peak of the product at 8.4 ppm. Fig. 7 shows the

increase of the imine peak and decrease of the aldehyde signal

with increasing residence time. The peak area of the two peaks

Fig. 4 Electrical scheme of NMR set-up.

Fig. 5 Imine (3) formation from benzaldehyde (1) and aniline (2).

Fig. 6 1H NMR spectra of the two reactant solutions.
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of interest was calculated to follow the course of the reaction.

In Fig. 8, the conversion of the reaction is plotted as the

ratio of each peak area to the sum of both peak areas, as

a function of the residence time. The lines in this figure are

a fit with a second order rate equation with a rate constant of

6.6 6 1022 M21min21, with a correlation coefficient of 0.93.

The reaction of Fig. 5 was also carried out in a conventional

probe in a 400 MHz NMR machine (Varian) using the same

concentration as in the chip. The reaction was followed

by taking a single scan every 5 s, and the experiment was

performed 3 times, the second order rate constant was found

to be (3.35 ¡ 0.05) 6 1022 M21min21. This value is in the

same range as values measured by Raman spectroscopy

for imine formation (in chloroform).20 The reaction rate

constant found in the chip is ca. 2 times that in the larger-scale

system, which is probably due to a better mixing performance

in the chip.

The degree of mixing may be characterized by the

penetration depth for diffusion of a species from one liquid

into the other, which in a simple 1-dimensional diffusion

model without chemical reaction is equal to the square root of

2Dt, with t the time of contact of the two liquids and D the

diffusivity of the species of interest. The diffusivity of the

reactants benzaldehyde and aniline is 1.5 6 1029 m2 s21 and

1.96 6 1029 m2 s21, respectively.21,22 Thus, the time needed

for complete mixing in a 160 mm wide channel is ca. 2 s, from

which it can be concluded that mixing can be considered to be

instantaneous for most of the time range in which we have

measured the reaction kinetics (Fig. 8). The reaction time

range that is available for study in our chip is comparable to

that obtained by Kakuta et al.,4 who mention a mixing time of

1.4 s for a Y-connector included in their system and could

measure reaction times down to 3.8 s.

Improving the set-up

In this work we have demonstrated monitoring of a simple

chemical reaction. The chip may be improved by adding extra

functionality (e.g. mixers and heaters). More complex pulse

sequences, like COSY and NOESY,23 are in principle possible

with the system we have developed, and in fact a simple COSY

experiment with 13C-labeled acetic acid on a microfluidic chip

with an integrated Helmholtz microcoil (i.e. a dual microcoil)

has been demonstrated.15 Additional functionality that aids in

the measurement of reaction kinetics could be the implementa-

tion of a fast mixer4 or heaters, or the use of two or more

coils at different positions along a microchannel, a configura-

tion that was used by Ciobanu et al., who wrapped several

solenoidal microcoils at different locations around a flow-

through capillary.24

The performance of the chip for NMR spectroscopy was

adequate for the reaction kinetic study presented here, in

which relatively simple, low molecular weight species at high

concentrations were studied. However, to work at more

practical concentrations or with more complex molecules, a

much better spectral resolution is required. Since in the present

design the spectral resolution is completely determined by

magnetic field imhomogeneity in the chip, improving the

design of the chip is the main step to be taken. Chip designs

other than the planar coil (e.g. striplines25) are currently under

investigation.

Conclusions

In this paper we have demonstrated the design, fabrication and

testing of a microreactor chip with integrated microcoil for

NMR measurement. The system is optimized for low field

NMR in a conventional NMR magnet. Monitoring of the

reaction kinetics of imine formation from benzaldehyde

and aniline in the microreactor by NMR at 60 MHz was

Fig. 7 1H NMR spectra taken at different residence times.

Fig. 8 Time dependence of imine formation measured in the chip by
1H NMR
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demonstrated, and compared with measurements in a conven-

tional tube in a 400 MHz NMR system. The kinetic data show

that the kinetics in the chip are a factor of 2 faster, which is

attributed to faster mixing in the chip. The mixing time in the

microreactor was calculated to be ca. 2 s, while the reaction

times in the chip can be set from 30 min down to only 0.9 s,

therewith enabling monitoring of relatively fast reactions.
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