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This letter describes a method for producing conducting microcoils for high resolution proton
nuclear magnetic resonance 1tH-NVn) spectroscopy on nanoliter volumes. This technique uses
microcontact printing and electroplating to form coils on microcapillaries. Nuclear magnetic
resonance spectra collected using these microcoils, have linewidths less than I Hz for model
compounds and a l imit of detection (signal-to-noise ratio:3) for ethylbenzene of 2.6 nmol in l3
min. @ 1997 American Instirute of Physics. [50003-6951(97)00818-8]

Nuclear magnetic resonance (NMR) spectroscopy is an
indispensable tool for determining dynamical and structural
properties of molecules. Previous studies showed that the use
of microcoils for excitation and detection of NMR signals
from analyte contained in microcapil laries (357 pm o.d.. 7-5
p,m i.d.) increased the signal-to-noise ratio per mole of ana-
lyte by a factor greater than 100.r Such coils are particularl l '
useful for examination of mass-limited samples and for de-
tection in microseparations.2 The microcoils used in initial
experiments were formed by wrapping wire with a diameter
of 50 #,m around a capillary. In this report, we describe an
alternate means for forming conducting microcoils suitable
for collecting NMR data from nanoliter volumes: the method
uses microcontact printing (pCP)r and electroplating to gen-
erate thick, conducting, metall ic coils on capil laries. The
ease of producing microcoils with this method may allow for

automation of the construction of the coils. In addition, the
flexibility afforded by prCP allows the geometries of the coils
to be adjusted over a range that is diff icult or impossible to
access u'ith other nreans of fabrication. In this letter, we
dernonstrate that prCP allows formation of microcoils with

_ueometries similar to those used in previous work and we
demonstrate that these microcoils can be used for high reso-
lution rH-NMR spectroscopy.

The scheme for fabricating conducting.microcoils for
NMR uses pCP to print l ines onto capil lariesu'' (Fig. l). The
capil laries $24 pm o.d., 75 pm i.d.. Polyrnicro Technolo-
gies, [nc.. Phoenix. AZ) were prepared for printing by first
stripping their polyimide coating using a moderate butane
flame. The stripped capil laries were then coated with tita-
nir . rnr  ( - . - l -5 , { )  und si l rer  ( - -500 A) usin-e an electron beam
c\ rrporator. Mounting the samples cln stages that rotated the
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FIC. L Scheme fbr fabricating helical microcoils using microcontact printing. An inked elastomeric stnmp consisling of raised lines lbrmed using phob-
lithographic or other means. delivers ink to selected bcations on r sample. When the sample is a cylinder and the orientation between the axis ofthe cvlinder
and the lines of the stamp is properly related to the spacing of the lines and the circumfarence of the cylinder. then rolling the cylinder over the stamp once
generates a coil on the surface of the cylinder. The ink either initiates dcposition of na{erial or prevents iis removal.
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7 5 p m r lsza u'

I evaporate titanium (25A; qdhesion

f 
Rromoter) and silver (500A)

I microcontact print coils;

letch 
unprotected silver and titanium

I mafe electrical contact;

I 
electroplate gold to -1 pm

Jerectronrate 
copper to -10 pm

FIG. 2. Procedures fbr fabricatin-u conducting nticrocoils tirr NN'IR spectros-

copy.  Glass capi l lar ies.  st r ippcd of  their  polr imide coat ing.  ucre coated on

a l l  s ides  w i th  t i t an ium ( -2 -5  A )  and  s i l ve r  ( . - . 500 . \ tu r ins  i t n  c l cc l ron  he r t t t t

evaporator .  Microcontact  pr int ing hexadecanethi t r l  Lrs ins a \ tu l l tp u i th p l r r

a l le l  l ines or iented at  the appropr iate an-ule to the glass eul . r r l lurr  f r r r tnet l  a

cont inuous spira l  s t ructure.  Wet chent ical  etehir tg rcntor t - - t l  \ t l \er  n() t  pr() -

tected by hexadecanethio l .  Imrnersion ot '  the r ' tchc-c l  capi l l i r r r  in l ' i  H[ ;

solut ion removed exposed t i tanium leaving a conduct ing coi l .  \ I 'e  e lectrode-
posi ted layers of  gold ( - l  pm) and copper ( . -10 prrn)  onto the s i lver  coi ls .

capi l lar ies a l lowed metal  to be deposi ted on al l  s ides of  the

capil laries in a single evaporation.)
We used pCP to -senerate continuous coils of a hexade-

canethiolate (HDT) monolayer on the silver-coated capil lar-
ies. The features on the stamp and the orientation between
the stamp and the capil lan, defined the -geontetrl '  of the coils
(Fig.  l ) .  The stamps used for th is n 'ork consisted of  ra ised
l ines 50 pm wide, separated by 50 pm. After prrnt ing HDT.

2 . 5 2 0 t , 3 1 . 0  P P N , ' |

FI( ;  I  \ \ lR :pcclra eol lccted t ' ront  ethvlbenzene and acetone using a

ntrcrocoi l  pnntcd on a eapi l lan.  The spectr l lm f ronl  acetone represents l6

co-addccl  scans.  cach col lected wi th 90'  pulses (width:14.0 prs) .  spectra l

width of  : l (X)0 Hz and l6 384 points.  Thc s ignal- to-noise rat io of  th is data

is l3U and i ts  l inewidth is  0.7 Hz.  The spectrum f iom ethylbenzene repre-

sents 256 scans in l3 min.  Al l  other set t ings were ident ical  to those used for

acetone.  The l inewidth of  the t r ip let  in ethylbenzene is 0.9 Hz and the

signal-to-noise ratio is 76. The microcoil was carefully placed in the center

of the shims. but all shim settings were set to zero fbr data acquisition, and

l ine broadening was not  used in data analysts.

\ \e t  chcnt ica l  e tch ing  [0 .001 M KaFe(CN)6,  0 .01  M

K.F-e{C\ } , , .  0 .1  \ l  Na.S.Oq l  removed s i l ver  no t  p ro tec ted

br the nronolul 'er  re: ist .6 l rnmerston cl f  the capi l lary in lTc

HF for l0 s removed expclsed titanium. and left a conducting

microcoil of silver consisting of wires 50 pm wide and sepa-

rated by approximately 50 pcm. We electroplated a thin (- I

prm) layer of gold (Orotemp 24, Technic Inc., Providence,

RI) and then a thick (-10 prm) layer of copper (Copper C
RTU. Technic lnc. .  Providence. RI)  onto the s i lver coi ls.  The
gold protected the underlying silver from etching induced by

the copper plating bath. After electroplating, the wires of the

coils were approximately 70 #,m wide, separated by 30 prm.

Figure 2 i l lustrates the procedure for fabrication. and Fig. 3

shows an optical micrograph of one of the microcoils as

confisurerl for NMR measLlrements.
Thc pr inted t 'n icrocoi ls were connected to a tank c i rcui t l

using -50 p.nr nirc (99.99(1,  Cu. Cal i fornia Fine Wire.  Grover
Beach. CA) and si lver concluct ive epoxy (Epo-tek 4108. Ep-

oxv Technolc l .uy.  Bi l ler ica.  MA).  Spectra were acquired r ' rs-

ing the microcoi ls and a General  Electr ic 300 MHz (7.0-5 T)

wide-bore NMR spectrometer. To pctsit ion the microcoils in

the center of  the Zl  shim f ie ld,  a s ignal  f rom neat acetone
was obtained at  +l}c/a of  the Zl  coarse shim range. and the
height of  the probe was adjusted unt i l  the s i -enal  posi t ion

shi f ied by less than I  Hz.
Figure -1 shows typical spectral collected fiom neat ac-

etone and neat ethylbenzene. For | 6 co-added scans. the
signal- to-noise rat io (S/N) and the l inewidth of  the s ignal

f rom acetone were 138 and 0.7 Hz, respect ively.  For ethyl-
benzene. with 256 scans. we observed a S/N of 16 and a
linewidth of 0.9 Hz. From a comparison of the widths of
radio fiequency pulses needed to cause a ninety degree rota-
tion of the proton spin magnetization. we estimate that the
sensitivity of the printed rnicrocoil is l5 times larger than

FIG. 3.  Opt ical  nr icrograph of  a microcoi l  (16 turns of
rated by -30 t rcrr)  pr inted on a capi l lary (32.1 pm o.d. .
length of  the coi l  is  1.6 rnm wi th an enclosed volume
printed wire 2 to 3 rnm long were peeled back and usecl
microcoi l  to a NMR data acuuis i t ion c i rcui t .
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that of conventional 5 rnm spinning tube probes.l 7 Although
this increase in sensi t iv i ty is considerable.  i t  is  srnal ler  than
the increase observed previously using wound micrclcoils.
We believe that the sensitivity of the printed microcoil is
lower than that of the wound microcoil primarily because its
resistance is higher.n (For example. we fbund that the dc
resistance of the printed microcoil was -8 times higher than
the resistance of the wound microcoil.) The resistance of the
printed microcoil is higher than the wound microcoil partly
because its cross sectional area is smaller and because our
electrodeposited copper may have a slightly higher resistivity
than annealed copper. It is also possible that the silver epoxy
further increases the resistance of the circuit, particularly at
high frequencies. We are exploring means for reducing this
resistance.

In this letter, we described a method for fabricating con-
ducting microcoils on capil laries and we showed how these
microcoils can be used for high resolution rH-NMR spec-
troscopy of nanoliter samples. Since pCP can produce fea-
tures with sizes as small as 0.2 #.m. we anticipate that our
scheme for fabrication wil l allow tor NMR microcoils con-
sisting of wire with widths less than one rnicrt-rn. tnore than
an order of magnitude smaller than what is currcntlr
achieved by winding. This capabil ity ma1 allou for NN'IR
measurements on smaller volumes of samples. Also. ptCP

rnay al lc ' , r '  t i r r  construct ion of  coi ls wi th specral ized geom-

etr ies that  i rnpnrvc sensi t iv i ty and l ine shape."  but are di f f i -
cult to fnbricate by conventional approaches.
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