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ABSTRACT

The pulsed nozzle Fourier transform microwave (PNFTMW) spec-
trometer was developed by Balle and Flygare [A new method for
observing the rotational spectra of weak molecular complexes: KrHCI.
J. Chem. Phys. 1979, 71 (6), 2723-2724 and 1980, 72 (2), 922-932]
in 1979. The design, fabrication, and operation of this spectrometer are
complicated and it has largely remained a research laboratory tool till
now, though a portable spectrometer for routine analytical applications
has been developed at the National Institute for Standards and Tech-
nology [Suenram, R.D.; Grabow, J.-U.; Zuban, A.; Leonov, 1. A
portable pulsed-molecular-beam Fourier-transform microwave spec-
trometer designed for chemical analysis. Rev. Sci. Instrum. 1999,
70 (4), 2127-2135]. However, the potential for extracting fundamental
information about any chemical species, such as, molecules, radicals,
ions, or weakly bound complexes between any of them including
atoms, has been quite significant. It is evident from the fact that more
than 25 laboratories around the globe have built this spectrometer,
some in the recent past. Contributions from all these laboratories have
widened the horizon of PNFTMW spectrometer’s applications. This
review summarizes the advances in design and the recent applications
of this spectrometer. We also define an electrophore, as an atom/

31
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85 molecule that generates an electric dipole moment by forming a weakly
86 bound complex with a species having zero electric dipole moment. The
87 electrophore, thereby, enables structural determination using rotational
88 spectroscopy, as in the case of Ar,—Ne, with Ne as the electrophore.
39 Also, it can introduce a dipole moment about a principal axis where
90 none existed before, such as in Ar—(HZO)z,-enabling the observation of
o1 pure rotational transitions for several tunneling states.
2 Key Words: FTMW spectroscopy; van der Waals complexes; Hydrogen
93 bonding; Electrophore.
94
95
96
97 I. INTRODUCTION
98
99 Microwave spectroscopy has traditionally been used in precise structural
100 determination of small molecules in the gas phase.' > Only gaseous
101 molecules or liquid and solid molecules with finite vapor pressure could be
102 studied. This limited the usefulness of microwave spectroscopy and in the
103 1970s, interest in this area was steadily declining. The development of pulsed
104 nozzle Fourier transform microwave (PNFTMW) spectrometer by Balle and
105 Flygare!® changed the scenario completely and since then there has been a
106 renaissance in this area. This year marks the 25th anniversary of the
107 PNFTMW spectrometer. It all started on 19th May 1979, with the observation
108 of a strong transition from the weakly bound Ar—HCI van der Waals complex,
109 which had previously been studied using the molecular beam electric reson-
110 ance technique.””! The spectrometer has become popular due to its unique
111 characteristics of providing high sensitivity and resolution, simultaneously.
112 From the first report,®! studies on weakly bound complexes such as hydrogen
113 bonded or van der Waals complexes have dominated the field. However,
114 several recent experimental advances have enabled applications in various
115 areas and this review attempts to highlight some of them.
116 There have been several reviews and book chapters written on the
117 PNFTMW spectrometer,” "> the last of which appeared in 1996.!"*! Novick
118 hosts a website containing a comprehensive bibliography of all the weakly
119 bound complexes that have been studied with this and other techniques.''®
120 Kisiel hosts a website that gives access to all the research groups currently
121 using this and related techniques.!'”! Both these websites are useful references
122 in addition to the reviews referred above, especially for keeping track of the
123 recent progress. In this review, we discuss the original design of this spec-
124 trometer and highlight all the general and specific changes that have been
125 introduced by various practitioners of the field. We also discuss the diverse

126 applications of this versatile spectrometer, but limit ourselves to literature
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127 published mostly in the last decade, for applications. Though, every attempt
128 has been made to highlight important advances, due to space and time
129 constraints, it is likely that we have missed some important contributions.
130
131
- Il. DESIGN AND OPERATION
i: A. Original Design and Operation
123 The scheﬁ:matic diagram of the PNFTMW spectrometer designed by Balle
158 and Flygare!' is given in Fig. 1. It mainly consisted of (1) Fabry—Perot cavity
139 with two highly polished mirrors housed in a vacuum chamber, (2) supersonic
nozzle to prepare a molecular beam, (3) pumping system to produce the
140 . -6 5
vacuum (typically 10~ ” mbar) and pump out the gas mixture from the pulsed
141 valve, and (4) rf and microwave electrical circuits for polarization of the gas
fé sample and detection of emission from the emitting species. The mirrors were
14;1 typically large (30—50cm in diameter) which necessitated large vacuum
145 chambers. The radius of the mirror (a¢) and its radius of curvature (R)
determine the lower frequency limit for the Fabry—Perot cavity, at which
113 the Fresnel number is unity as given below (A is the wavelength):
148 a2
149 e (1)
150
151 Today the lower frequency limit is typically 3 GHz in several laboratories
152 and the mirror diameter is 50 cm. The pulsed molecular beam traveled perpen-
153 dicular to the Fabry—Perot axis and the pumping speed determined the resi-
154 dence time of the sample within the cavity. Both radiation and the gas
155 mixture are pulsed into the evacuated cavity. The bandwidth of the source
156 is typically less than a MHz and if the sample has any rotational transitions
157 within this bandwidth, it is polarized. The emission from the polarized sample
158 is detected in time domain through a double super-heterodyne mixing
159 scheme and digitized. Fourier transformation of the time-domain signal
160 gives the frequency spectrum. As the spectral range (8—18 GHz in the original
161 spectrometer) is very broad compared to the bandwidth of the cavity, labor-
162 ious scanning is needed. Two separate microwave oscillators, master and
163 local, were used for the heterodyne detection. Phase stabilization of the master
164 and the local oscillators was a tedious process. Several laboratories followed
165 this design initially and used two oscillators.'"®~2¥ The original design used
166 waveguide components and hence needed to be operated within an octave

167 band (X 8—-12GHz and Ku 12—-18 GHz). Since then, various improvements
168 in design have been achieved by different groups and they are discussed next.
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211 B. Significant Advances in the General Design
212
213 The first major modification was introduced by Suenram and coworkers
214 from National Institute of Standards and Technology** and Kruger and
215 Dreizler at Kiel.'*™ They used a single side band mixer (SSBM) to produce
216 the second microwave source instead of using two MW oscillators. Only
217 one microwave source, typically a commercial synthesizer, was used as the
218 local oscillator (LO). The master oscillator (MO) was produced by mixing
219 an RF (typically 30 MHz) with the LO in an SSBM. This eliminated the
220 need for complicated phase stabilization. Moreover, the LO was used either
221 for polarization or for detection through a single pole double throw (SPDT)
222 pin-diode switch, which routes it to an SSBM or an image rejection mixer,
223 alternately. Thus, it also eliminated the MO from the cavity, when it is not
224 needed. In the original design, the MO was always present in the Fabry—
225 Perot cavity leading to a DC offset at the base band output. The second import-
226 ant modification was introduced by Grabow and Stahl.”®’ They moved the
227 pulsed nozzle from top of the vacuum chamber to behind one of the mirror.
228 Both the microwave and molecular pulses were coaxial in this arrangement
229 and this led to a significant increase in the residence time of the sample in
230 the cavity. This, in turn, reduced the line width to a few kHz enabling the
231 observation of small hyperfine splitting. For example, Fig. 2, shows the '*C
232 spin-rotation interaction of only 4.9kHz well resolved in the O'CS,
233 J =0 — 1 transition, obtained in our spectrometer. Figure 3 shows the
234 same transition for the parent OCS, showing a line width of 2.8 kHz only.
235 Thirdly, the spectrometer operation was completely automated both in
236 Urbana®”! and Kiel®® in 1990. Other major changes were the use of coaxial
237 cables throughout the frequency range and the use of ultra-broadband
238 microwave components. These ensured that the spectrometer could be oper-
239 ated throughout the range without change of components.”*! All these
240 changes have been implemented in most of the newly fabricated spec-
241 trometers.*°~#*1 A schematic diagram of the spectrometer that is used in our
242 laboratory'*”' is shown in Fig. 4 and it is typical of the PNFTMW spectrometer
243 today.
244
245
246 C. Specific Changes in Design
247
248 1. Frequency Range: Extending in Both Directions!
249
250 In addition to the general changes that are highlighted above, there have
251 been several specific changes introduced in the design of PNFTMW spec-

252 trometer for various applications. The frequency range has been extended in
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271 Figure 2. J=0 — 1 transitions for O'>CS observed in natural abundance at
272 12123.8437 I|\/3[HZ‘ I.n additif)n t(? the Df)ppler doubling, hyperfine splitting of 4.9 kHz
73 due to the “C spin rotat.lon interaction can.be obse.rve.‘,d. MO frequency was at
12123.6 MHz. Source: Figure reproduced with permission from Current Science,
274 Ref 1401
275
276
277 both directions and today, there are spectrometers operating from 1 GHz™'! to
278 40 GHz."*? The high frequency limit could be extended with similar confocal
279 cavity as used by Balle—Flygare. Availability of coaxial cables with low loss
280 has largely helped in this development. However, for extending to lower fre-
281 quency, say 1 GHz, adapting a confocal Fabry—Perot cavity would result in
282 mirrors with very large diameter according to Eq. (1). This, in turn, will
283 raise the chamber size and the load on the pumping system. Instead, the
284 Kiel group has opted for cylindrical resonator. The estimated low-frequency
285 cutoff is 914 MHz. This spectrometer has been used to observe a transition
286 at 1325.17 MHz, which may yet be the lowest frequency transition observed
287 with such spectrometers. After the initial report, it appears that, there has
288 not been many more studies reported at lower frequency range. In the studies
289 on weakly bound complexes, especially for the larger clusters, the low fre-
290 quency limit is quite important. Hence, it is likely that, there will be more
291 interest in the low frequency range in future. The cylindrical resonator, theor-
292 etically, has no upper frequency limit. Earlier, Emilsson used aluminum
293 collars around both mirrors to keep the electric field within the cavity at

294 frequency below 2GHz, with 50 cm diameter mirrors.** Use of a Balun
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317 . - .
transformer as the antenna for transmitting and receiving the microwave

318 . .
310 power also helped in this effort. Sharp resonances could be observed down
200 to 1.7 GHz. This setup was used to observe the /=0 — 1 transition of the
1 Ne—CgHg—H,O trimer at 1918.6911 MHz.**)
322
323 2. Size of the Spectrometer: Towards a Portable Spectrometer for
324 Chemical Analysis
325
326 Two compact versions of the spectrometer have been reported by
327 Harmony et al.** and Suenram et al.'**). Harmony used 10cm diameter
328 mirror and the lower frequency limit was ~15GHz. The NIST group used
329 19.5 cm diameter mirror and could use the spectrometer down to ~8 GHz.
330 While Harmony’s main objective was in making the spectrometer compact
331 without loosing the sensitivity, the NIST group’s objective was in building
332 a spectrometer for routine analytical applications, especially for automobile
333 emission analysis. Hence, the nozzle was designed to have two inlets, one
334 for a standard and one for a reference. This spectrometer could be operated
335 in various modes suitable for routine analysis. The S/N ratio for the compact

336 instrument was roughly 1/2 per unit time compared to the larger spectrometer
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379 at NIST. This spectrometer can be operated in four different modes. Besides
380 the standard operational mode, automated scanning mode has been developed.
381 The third mode of operation has been developed for continuous process moni-
382 toring. In this mode, the spectrometer is tuned to the desired frequency and a
383 preset number of pulses averaged. The resulting signal intensity is determined
384 and displayed in a bar graph in the computer screen. Thus, a concentration vs.
385 time plot is generated, which quantifies the species as well. The fourth mode
386 allows repetitive sampling of a number of chemicals. A number of chemicals
387 can be selected and the machine can be operated to carry out the analysis for
388 each chemical species using a predetermined frequency and optimized pulse
389 parameters for each chemical species. Finally, the measured concentration
390 data for each molecular species is stored in a file. This mode helps to identify
391 and quantify analytes in a sample without prior separation. Though the tech-
392 nique is less sensitive than usual gas chromatography or mass spectrometer, it
393 has several advantages. An individual rotational transition is observed and it
394 provides unambiguous chemical identification. Even, conformers of identical
395 mass can also be identified separately. Table 1 gives the detection limit esti-
396 mated by the NIST group for various compounds. The Kiel group has reported
397 the development of a PNFTMW spectrometer for analytical purposes as
398 well.14
399
400 3. Variation in Nozzle Design
401
402 Several variations in the nozzle design have been devised for different
403 applications. Firstly, high temperature nozzles are used for studying less vola-
404 tile species, pyrolysis products, and vibrationally excited states. A storage
405 reservoir has been added, either for liquids or solids such that the carrier
406 gas flows over the sample before expansion. Fast mixing nozzles are used
407 for producing weakly bound complexes between reactive species. Electric dis-
408 charge nozzles are used for producing transient species, radicals, ions, and
409 their complexes. Laser evaporation of a solid rod, located in front of the
410 nozzle, has been used for producing metal /metal salts for analysis as well.
411 This section looks at the design of these nozzles and their applications.
412
413 a. High Temperature Nozzle
414 Most of the laboratories use commercial pulsed nozzle (Series 9 from
415 General Valve Corporation being the most common) suitable for room tem-
416 perature applications only. Commercial valves are available for operation
417 up to 200°C. Due to the instability of the various sealing components at higher
418 temperature, it is not possible to go beyond this temperature. Initial attempts
419 for raising the temperature were done by extending the plunger in the valve

420 and using metal O-rings. Shea and Campbell used copper O-ring to
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421 Table 1. Detection limits for various compounds using
422 FTMW spectroscopy.®
?éi Compound Detection limit (nanomol /mol)
425 Acrolein 0.5
426 Carbonyl sulfide 1
427 Sulfur dioxide 4
428 Propionaldehyde 100
429 Methyl-#-butyl ether 65
430 Vinyl chloride 0.45
431 Ethyl chloride 2
432 Vinyl bromide 1

Tolune 130

433 Vinyl cyanide 0.28
434 Acetaldehyde 1
435 Propylene oxide 11
436 Para-tolualdehyde 150
437 Methanol 1,000
438 Benzaldehyde 26
439 “Detection limit based on a 1 min average of accumulated pulses
440 using Ne as the carrier gas. Lower concentration can be detected
441 by extending the time.
442 Source: From Ref."**. Table reproduced with permission from
443 American Institute of Physics.
444
445
446 attach the pulsed valve to a small furnace storing Hg."®! They reported the first
447 application of a high temperature nozzle with PNFTMW spectrometer to
448 study Hg—HCI complex. Endo et al. used an aluminum O-ring with an auto-
449 mobile fuel injector'®”! and reported results on Hg—OCS. These types of
450 nozzles could work up to 500°C.
451 Emilsson overcame the problem by putting a furnace below the nozzle
452 and cooling the top of the furnace by water circulation. The nozzle is still
453 kept at room temperature, but the gas mixture is heated before the expansion
454 occurs.*® This design helped in raising the temperature limit to 1100°C.
455 Gutowsky’s group used this high temperature nozzle, shown in Fig. 5, to
456 resolve a long-standing controversy about the silicon—carbon double bond
457 length.*®! They pyrolyzed 1,1-dimethylsilacyclobutane to produce 1,1-
458 dimethylsilaethylene and supersonically cooled it before it could
459 dimerize. The same nozzle was later on used by Arunan et al. to observe
460 Ar/Kr—HCN dimer in which the HCN was in a vibrationally excited
461 state.'*”! Evidently, the heating before expansion does not affect the formation

462 of weakly bound complexes. Harmony et al. used a ceramic nozzle in a similar
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486 Figure 5. Heated nozzle: A, B, and C, commercial pulsed valve (general valve no:
487 8-1-900); D, quartz tube; E, cylindrical zone furnace; F, nichrome wire for spoiling
4388 the laminar flow of the gas to enhance heat transfer. Appears to have increased
489 the S/N of pyrolyzed products; G, thermocouple; H, heating coil, 3.2mm i.d. of
490 18-gauge (0.127 mm) Pt wire in moldable alumina. Source: Figure redrawn with
491 permission from American Chemical Society, Ref. 8!,
492
493
494 fashion.®* They observed the rotational transitions for chloroketene from
495 the pyrolysis of chloroacetyl chloride at 800°C. They also observed several
496 vibrationally excited states of OCS. Vibrational cooling is not as efficient
497 during supersonic expansion and this has been exploited in observing the
498 rotational spectrum of vibrationally excited species. Legon and Stephenson
499 used a similar approach to look at pyrolytically produced CH,=PCl.>"
500 Commercial nozzles with minor modifications have been successfully
501 used by Kukolich et al. to study the rotational spectrum of numerous organo-
502 metallic complexes, with low vapor pressure. Usually, the nozzle is heated to
503 about 50°C. Recently, they have reported accurate structural determination

[51]

504 of tetracarbonyldihydroosmium and tetracarbonyldihydroiron.””*! The
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505 distances between the two hydrogen atoms were determined to be 2.40(2) A
506 and 2.19A, respectively. This is much longer than what is expected for
507 a dihydrogen complex (0.8 A). This clearly identified both these complexes
508 as classical dihydrides rather than 7° dihydrogen complexes. They have
509 also reported the first molecular structure measurements on bromoferrocene
510 and compared the structural and electronic properties of chloro- and bromo-
511 ferrocene.’>¥ The substitution of an electronegative atom (Cl/Br) onto the
512 ferrocene frame leads to an increase (0.04—0.08 A) in metal to carbon distance
513 compared to ferrocene. The quadrupole coupling constants () for the halo-
514 ferrocene were very close to those of halobenzene. Evidently, the metal—
515 carbon bonding does not perturb the electric field gradients at the halogen
516 atom, in contrast to the effect of halogen substitution on the interaction
517 between metal and carbon as indicated by a significant increase in metal—
518 carbon distance. Kukolich’s group has studied several organometalic compounds

519 including CpNi(NO), Co(CO)3NO, CpCo(CO),, CpMn(CO);, (C4Hg)Fe(CO)s,
520 HRe(CO)s, HMn(CO)5, HCo(CO)y, (C¢Hg)Cr(CO);, CpCr(CO),NO, CpV(CO)y,

521 CPW(CO)QNO, CH3RCO3, and (C2H2)(CH3)R602

522 Suenram et al. have recently reported a high temperature nozzle designed
523 with minor modification of the general valve pulsed nozzle.>* They have
524 used it to study the rotational spectrum of dimethyl methylphosphonate,
525 which is a model compound for nerve agents.

526

527 b. Fast Mixing Nozzle

528 Fast mixing nozzles are used for forming weakly bound complexes
529 between species that react very fast when mixed! The first such nozzle was
530 reported by the Urbana group at the Ohio State symposium in 1988. The
531 details were published later™ along with results on NH;—HCN—HF and
532 CO-HCN-HF trimers. Ammonia and HF react fast to produce NH4F(s),
533 but the use of the fast mixing nozzle, shown in Fig. 6, allowed the study of
534 NH;-HCN-HF trimer. Studies on these trimers probably showed the first
535 example of microsolvation. The geometry of the trimer was the composite
536 of the X—HCN and HCN-HF dimers. However, there were significant shrin-
537 kages in the c.m.—c.m. (center of mass) distances for both X—HCN and
538 HCN-HF moieties. The reduction in c.m.—c.m. distance for X—HCN was

539 0.070 A and 0.098 ;\, for X = CO and NHj;, respectively, and the corres-
540 ponding reduction in HCN-HF distance was 0.033 A and 0.027 A.

541 The coaxial mixing nozzle was extensively used by Legon et al. in study-
542 ing a variety of hydrogen and halogen bonded complexes beginning with
543 (CH3)sP—HCI1® and (CH;);N—HBr.”" Legon’s comprehensive studies on a
544 series of HX (X = F, CI, Br, and I) and XY complexes with a Lewis base B
545 have highlighted the similarities between hydrogen and halogen bonds.'"”’

546 Hydrogen bonding may no longer be considered unique. By analyzing the
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577 Figure 6. Coaxial mixing nozzle: A and B, plunger and bottom plate of pulsed valve;
578 C, main tube of the valve extension; D, coaxial injection tube; E, adjustable brass
sleeve with a Laval type orifice. Source: Figure redrawn with permission from
American Institute of Physics, Ref.[>).

579
580
581
582
583 quadrupole coupling constants for the halogen, Legon has demonstrated
584 the existence of charge transfer complexes in gas phase. While ammonium
585 chloride exists as a hydrogen bonded dimer H3N-HCI in the gas phase,
586 (CH3);N—-HCI1 has 62% contribution from the charge transfer structure,
587 (CH3)sNH'CI™. Table 2 compares the *°Cl nuclear quadrupole coupling
588 constants for (CHj);—,H,N-HCI complexes. It may be noted that for the
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589 Table 2. Comparison of *>Cl nuclear quadrupole coupling constants ()
590 for (CH3)3—,H,N-HCI dimers along with that of HCI, NaCl, and KCI.*
22; Molecule/complex x (MHz) Reference
593 HCN-HCI —53.720 [58]
594 H;N-HCI —47.607 [59]
595 CH;NH,-HCI —37.89 [60]
596 (CH3);N—HCl —21.625 [61]
597 NaCl —5.634 [1]
08 KCl <0.04 [1]
599 *For comparison, the y for *>Cl in free HCI is —67.6189 MHz.
600 Source: E.Kaiser, J. Chem. Phys. 1970, 53, 1686. Evidently, KCI is more
601 ionic than NaCl.
602
603
604 spherically symmetric CI ion, the quadrupole coupling constant will be O as
605 observed for KCI. For the (CH3);N-HX (X = Cl, Br, or I) series, the extent of
606 charge transfer increases from Cl to I, with the trimethylammonium iodide
607 existing as the ion pair (CH;);NH'I™, even in the gas phase.!"”!
608 Leopold et al. have used the fast mixing nozzle to study several com-
609 plexes of interest in atmospheric aerosol chemistry. Their first report'®! was
610 on H,O-SO0O;, which was expected to be a key intermediate in the formation
611 of atmospheric H,SO,. This intermediate could not previously be observed
612 because of the fast reaction between H,O and SO;. Their study revealed
613 that the S—O bond length is 2.432 Ain agreement with recent advanced theor-
614 etical predictions. Earlier theoretical studies have given S—O bond lengths
615 varying from 1.74 to 2.03 A. They also observed HZSO4—H20[63] and
616 H;N-HNO5'®* adducts using a mixing nozzle. It has been concluded from
617 the structural analysis that the H,SO,—H,O adduct has a strong hydrogen

618 bond between the H from H,SO, to the O of H,O with an O—H distance of
619 1.645(5) A and a weak hydrogen bond between the H of H,O and the O
620 from the S=O group of H,SO,, see Fig. 7. The hydrogen bond length in

621 the latter case is 2.05(1) A. In water dimer, the O—H hydrogen bond length
622 is 2.02 A% and the “weak hydrogen bond” noted by the authors is more likely
623 a typical hydrogen bond. It is likely that the “strong hydrogen bonding” noted
624 by Leopold et al. actually involves partial ion-pair formation, i.e.,
625 H;0"HSO; . Determining the electric quadrupole moment of 'O in HY’O-
626 H,S0, could provide crucial evidence about ion-pair formation. The hydrogen
627 bond length observed in HsN—HNO;!®¥ is significantly shorter than that in
628 the corresponding HCI and HBr complex. It appears that, this could be due
629 to the increasing contribution from ion-pair states (H,NTX™, X =(l, Br,

630 NO;). The "N (of NH3) quadrupole coupling constant should give vital
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645 B
646
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649
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651 Figure 7. Four views of the sulfuric acid—water complex, emphasizing (a) bond
652 lengths and bond angles within the monomers; (b) intermolecular parameters speci-
653 fying the relative orientation of the monomers (« is the O5-01-S-03 dihedral
654 angle; a positive value of 6 and a negative value of +y are drawn; see text for discussion);
655 (c) chemically interesting features of the experimentally determined structure; and (d)
656 changes in the sulfuric acid monomer structure upon complexation (value in H,SO4—
657 H>0 minus value in H,SO4 moanomer). The authors have 1nterpreted the two hydrogen
658 bonds obse.rved as weak [2.05 A in (c)] and strong [1.645 A i.n (c?]. It may.be n(.)ted that
the bond distance observed for the “weak” hydrogen bonding is nearly identical to a
659 typical hydrogen bond length as observed in (H,O),. Source: Figure reproduced
660 with permission from American Chemical Society, Ref.[%],
661
662
663 information again. However, the authors have attributed the difference in
664 quadrupole coupling constant between free NH; and the complex to
665 vibrational averaging only. Interestingly, detailed analysis of "*N quadrupole
666 coupling constant in HNOj has led to the conclusion of significant electronic
667 distortion in HNOj.
668 Leopold et al. have used the fast mixing nozzle to study HCN-HCN-—
669 BF3[66] and HCN-HCN —SO3[67] as well. In both these cases, there is a signifi-
670 cant decrease in the c.m.—c.m. distance between HCN and BF;/SO; com-
671 pared to the “free” dimer. Table 3 compares the N-Y and N—H distances

672 for various HCN-HCN-Y trimers that have been studied. From this, they



120030906_ASR_039_000_R2_031904 Techset Composition Ltd, Salisbury, U.K.—120030906

Advances and Applications of PNFTMW Spectrometer 17
673 Table 3. Bond length changes for complexes HCN - - - HCN-Y.*
674
675 Complex ARNN-Y) AR(N---H) Reference
676 HCN . ..HCN-BF; 0.174 0.045 [66]
677 HCN - - -HCN-SO; 0.107 0.017 [67]
678 HCN - .. HCN-CO, 0.052 0.004 [68]
679 HCN - .- HCN-HCF; 0.042 0.030 [68]
630 HCN ... HCN-HF 0.043 0.069 [68]
681 HCN - - - HCN-HCI 0.062 0.054 [68]
682 “Distance in the dimer minus the distance in the trimer.
683 Source: Table reproduced with permission from American Chemical Society
684 (Ref.1571).
685
686
637 have concluded that the weak, closed shell interactions (that between two
688 HCN or HCN and HX) remain weak, but incipient donor—acceptor bonding
689 (between HCN and BF;/S0s3) is driven forward by forming an adduct with
690 a nearby molecule. It has been called microsolvation! It would be interesting
691 to study H,O—-HCN-BF; to look at microsolvation by “the solvent.”
692
693 ¢. Pulsed Discharge Nozzle
694 A significant change in the nozzle design was the addition of the electric
695 discharge right after the nozzle, which is popularly known as pulsed discharge
696 nozzle (PDN). This has made possible studies of ions, radicals, and their com-
697 plexes. Several laboratories added this feature in the early nineties'®”~""! and a
698 casual perusal of literature today would suggest this to be the most important
699 addition to PNFTMW spectrometer. From the beginning, linear carbon chains
700 have been the major targets for investigations with PDN-FTMW spec-
701 trometers. The PDN used by Ohshima and Endo'’?! is shown in Fig. 8. This
702 has been used for the observation of several linear carbon radical species
703 including C;S, C,N, C,Cl, C,S, NCCS, HC4N, CH,CCH, HC;S, and HC,S.
704 Endo et al. have also studied rare gas-ion/radical complexes such as
705 Ar—SH¥ Ar—HNZ, and Kr—HN3'"* using PDN, recently. They have
706 earlier reported studies on Ar—OH, Kr—OH, Ar—HCO™, and Kr—-HCO™, as
707 well. These studies provide useful information as interactions between
708 charged species and rare gas are stronger compared to the interaction between
709 neutral molecules and rare gases.
710 McCarthy, Thaddeus et al. have made extensive use of the PDN-FTMW
711 spectrometer for studies on carbon chains and rings'”>! and sulfur—carbon
712 chains.!”® Their main focus is on laboratory studies on molecules /radicals
713 of astrophysical interest. Most of the astrophysical molecules with more

714 than four atoms are “organic” involving carbon—carbon bonds. Systematic
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737 Figure 8. Pulsed discharge nozzle. 1, solenoid valve (General Valve Co.); 2, plastic
738 separator with a 1.0mm ¢ hole (10 mm thick); 3, SUS plate with a 1.0mm ¢ hole
739 (1 mm thick); 4, teflon separator with a 3.0mm ¢ hole (2mm thick); and 5, brass
740 block with a 1.5mm ¢ hole 10mm in length. Source: Figure redrawn with
741 permission from Academic Press, Ref.7?,
742
743
744 studies on many of these species from their laboratory highlight the impor-
745 tance of PDN-FTMW spectrometer. Within a 4 year period, they could look
746 at 77 reactive species (see Figure 3 of Ref.!”"), which could not be detected
747 earlier. This led the authors to comment that “the laboratory astrophysics of
748 the radio molecules is complete in the sense that the lines of astronomical
749 interest have either been measured directly or can be calculated to high pre-
750 cision.” However, in further pursuit of observing short lived, low abundant
751 species of astrophysics interest, a cryogenic PDN-FTMW spectrometer has
752 been built recently.”””! In this spectrometer, the cavity mirrors are cooled to
753 liquid N, temperature leading to significant reduction in system noise tem-
754 perature. Against the theoretical improvement by a factor of 60 in S/N ratio
755 compared to the room temperature spectrometers, the cryogenic spectrometer

756 has achieved a factor of 26. This limit is mainly due to the commercial low



120030906_ASR_039_000_R2_031904 Techset Composition Ltd, Salisbury, U.K.—120030906

Advances and Applications of PNFTMW Spectrometer 19
757 noise amplifier having a noise temperature of 181 K and, one can be sure that
758 we will continue to see improvements in this front.
759 The PDN has been used by Gerry et al. to observe the unstable molecules
760 FBO, CIBO, and FBS, recently.”gj Kukolich et al. have obtained the rotational
761 spectrum of o-benzyne with the PDN-FTMW spectrometer very recently.!”®!
762
763 d. Laser Ablation Source
764 Laser ablation of a rod placed just in front of the nozzle has helped in the
765 studies of refractory materials, reactive and low volatile species, and their
766 complexes. Usually, the rod can be rotated to expose a fresh surface to the
767 laser. First application of this technique was the characterization of SiC, by
768 the NIST group.”® Since then, it has been used in several laboratories to
769 solve many problems that would have otherwise been very difficult, if not
770 impossible. At NIST itself, the laser ablation setup has been used to record
771 the first rotational spectra of metal dioxides Zr0,®" and HfO,."®*! This has
772 yielded accurate structure, electric dipole moment, and quadrupole coupling
773 constants for the dioxides. Both oxides have C,, symmetry, with very similar
774 M-0 bond lengths of 1.7764 A and 1.7710 A for ZrO, and HfO,, respectively.
775 Both these oxides have nearly the same dipole moments as well, 7.80(2) and
776 7.92(1) D, respectively. It has been noted that the M—O bond lengths increase
777 by 0.0571 A and 0.0533 A when going from MO to MO, for M = Zr and Hf,
778 respectively. The bond length is expected to increase from a triple bond for
779 MO to double bond for MO,.
780 Gerry et al. were the first to put the nozzle with the laser ablation facility
781 behind the mirror, see Fig. 9, for improved resolution and sensitivity.'** They
782 have made extensive use of the laser ablation source to look at a variety of
783 noble (coinage) metal halides and their complexes such as Rg—MX!®*~86
784 and OC-MX,®" 8 where M = Cu, Ag, or Au and X =F, Cl, or Br. The
785 MX were formed in gas phase by reacting the laser evaporated M with a halo-
786 gen source such as SFg, Cl,, or Br,. All Rg—MX complexes were found to
787 have small centrifugal distortion constants and are relatively rigid compared
788 to typical van der Waals complexes. The Au and Cu complexes were stronger
789 than the Ag complexes based on both experimental and theoretical results. The
790 quadrupole coupling constants for the metal showed dramatic changes indica-
791 ting that the electric charge distribution around the metal changes significantly
792 on complexation with Ar. There is definite evidence that the Rg—Au bond is
793 “chemical” in Rg—AuCl. The quadrupole coupling constant for Au changes
794 from 9.63 MHz in AuCl to —259.8 MHz in Ar—AuCl and —349.8 MHz in
795 Kr—AuCl. However, the quadrupole coupling constant for Cl shows only a
796 moderate change from —61.99 MHz in AuCl to —54.05 MHz in Ar—AuCl.
797 The Ar—Au distance has been determined to be 2.47 A very much smaller

798 than the sum of van der Waals radii of Ar and Au (3.60 A) or even the sum
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s10 Figure 9. Top view of the laser ablation nozzle cap and part of fixed aluminum
817 . . . . . .
818 mirror. The nozzle cap is mounted slightly off center in the mirror. A motorized
actuator (not shown) is located below the plane of the paper. Source: Redrawn
:;3 with permission from Academic Press, Ref.[.
821
822
823 of the ionic radius of Au™ and van der Waals radius of Ar (2.9 A). The binding
824 energy of Ar—AuCl has been evaluated to be 11 kcal mol ~'."®¢! The Ar—AuCl,
825 thus, becomes the first example for a noble gas—noble metal chemical bond.
826 Table 4 summarizes the quadrupole coupling constants for M and X observed
827 in Rg—MX and OC-MX complexes.
828 The OC-MX complexes for M = Ag, Au, and Cu could all be prepared
829 with the same ease by the laser ablation technique, though OC—-AgX was
830 believed to be difficult to prepare compared to the other two by conventional
831 techniques. Not surprisingly, the OC—MX interactions are much stronger than
832 the Rg—MX interactions. Following OC-MX formation, the quadrupole
833 coupling constants for both M and X show significant changes, see Table 4.
834 For OC-AuCl, the quadrupole coupling constants observed for Au and Cl
835 are —1026.0 and —36.39 MHz, respectively. In all these complexes, the CO
836 bond is shorter than the free CO. Stretching frequencies for free CO is
837 2138 cm ™! while that for OC—MCl (M = Cu, Ag, Au) are 2156, 2184, and
838 2162cm™'. Gerry’s group has also observed several metal salts including

839 MgS, YX, and AuX (X =F, Cl, Br, I), ScCl, ScF, ZrO, ZrS, MCN/MNC
840 (M = Al, Ga, and In), BiN, and BiP in the last few years.
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841 Table 4. Nuclear quadrupole coupling constants (in MHz) of M, Cl, and Br in various
842 Ar-MX and OCMX.
843 OCMX ArMX MX
844
e MX c0aM)  e0qX)  e0gM)  eQq()  eQqM)  eQqX)
847 CuF 75.406 — 38.055 — 21.956 —
848 CuCl 70.832 —21.474 33.186  —28.032 16.169 —32.127
849 CuBr 67.534  171.600 29.923 225.554 12.851 261.180
450 AgCl — —28.151 — —34486  — —36.440
351 AgBr — 223.902 — 278.888 — 297.047
452 AuF —1006.3 — —333.4 — —53.31 —
AuCl —1026.0 —36.39 —259.8 —54.05 9.633 —61.99
:Zj AuBr  —999.1 28500  —216.7 4285 3726 4923
855 Source: From Ref.[®8!, Reproduced with permission from American Chemical Society.
856
857
858 .
859 Endo et al. have reported an important study on (H,O),—NaCl very
recently.'””! These clusters were formed by co-expanding laser ablated NaCl
860 . ..
%61 Wlth an Ar stream containing a trace of water. They note that the Na—Cl
06 dlstancg increases by.0.06A for n= 1 and 0.48 A for n = 3. Th.ese results
%63 clearly 1dent1fy.the microscopic solvation of NaCl by H,O and will pe very
264 useful for refining the interaction models used in molecular dynamics and
465 Monte Carlo simulations for the description of the ion pair in solution.
866
867 4. Stark Effect Measurements
868
869 From the early days of PNFTMW spectrometer, measurements of Stark
870 effect have been done,'®" though it is more difficult with this spectrometer
871 than with traditional microwave spectrometers. Usually, the molecular beam
872 had to be perpendicular to the cavity axis. As the cavity is usually large, it
873 required that the flat electrodes were kept far apart. For generating homo-
874 geneous fields, these electrodes need to be larger than their separation but
875 should not get too close to the chamber to avoid arcing. As the microwave
876 beam waist increases with decreasing frequency, the Stark effect could be
877 measured only at frequency above 10GHz or s0.?! The perpendicular
878 arrangement usually leads to weaker signals compared to having coaxial mole-
879 cular beam and cavity axis. Despite, these inconveniences, several labora-
880 tories did use two parallel plates and measured dipole moments for various
881 complexes. Recently, there have been some attempts to improve the design

882 and we limit our discussions to these studies only.
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883 Consalvo reported the first Stark effect measurements with a coaxial
884 arrangement for molecular beam and the microwave cavity.[93] Usually, in
885 this arrangement, it is difficult to get rid of the zero field lines. Consalvo simu-
886 lated the electric field within the cavity for various designs of the plates and
887 concluded that the plates need to be as longer as practical and the distance
888 between them as shorter. This led to the choice of electrodes with a dimension
889 of 70cm x 50cm x 2mm and these were kept at a distance of 25 cm only.
890 This arrangement worked well as the zero field lines could be eliminated.
891 The homogeneity of the electric field was established. Though, the separation
892 of 25 cm between plates, should allow operations down to 3 GHz according to
893 the calculations, experiments have been reported for frequencies above
894 10 GHz only.
895 Emilsson has designed a cubic Stark cage, instead of Stark plates.'”*! The
896 Stark cage significantly improved the homogeneity of the electric field. The
897 cage was made of two 1 foot square plexiglass frames held together at the
898 corners by four 2 feet long 3/4 inch diameter aluminum rods. Eleven equally
899 spaced Cu wires were stretched along the long faces of the frame. The field
900 inhomogeneity was estimated to be less than 0.1% based on the experimental
901 line-widths with and without the electric field. This cage could not be used for
902 Stark measurements below 9.5 GHz. However, both AM =0 and + 1 tran-
903 sitions can be observed as the electric field could be applied in both directions.
904 Kisiel et al. have reported a novel design of electrodes for Stark effect
905 measurements.'** They have pointed out the electrical field inhomogeneity
906 present with parallel plate arrangements. Their calculations indicated that
907 field corrections along the expansion direction could be done by attaching
908 simple strips to the edges of the parallel plates. The field correction in the
909 other two directions was achieved by the addition of triangular plates on all
910 four edges.
911 Grabow et al. have recently come with another novel electrode arrange-
912 ment.”>! They have used the circular aluminum reflectors themselves as
913 electrodes. Their mirrors are thermally insulated and cooled with liquid N,
914 for improving S/N. Thermal insulation also provides electrical isolation and
915 hence the reflectors can be used as electrodes. It is possible to keep both the
916 pulsed valve and the microwave antenna in the same mirror. The other mirror
917 could be set to a static high voltage potential. This arrangement allows only
918 AM = + 1 transitions to be observed.
919
920 5. Double Resonance Experiments
921
922 Double resonance experiments have always played an importance role,
923 especially in radio- and microwave spectroscopies.””**! Bauder et al. reported

924 the first application of MW-MW double resonance with PNFTMW
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925 spectrometer. It used two pairs of mirrors orthogonal to each other forming
926 two Fabry—Perot cavities.””! They used this spectrometer to confirm the
927 assignments for some (H,0), transitions and observed two new transitions.
928 The same spectrometer was used later along with ac Stark effect to induce
929 two-photon microwave transitions within a two-level system.'”® One
930 Fabry—Perot cavity was tuned to 8633.5MHz, which is 1/2 of the J =2,
931 K=2 M=2—J=3, K=2, M =2 transition. Two-photon absorption
932 induced a macroscopic polarization which could only decay at 17,267 MHz.
933 The emitted coherent radiation was detected in the second cavity. This was
934 a feasibility study that has not been followed up. The electric field was applied
935 through a cylindrical cage and this affected the quality factor of the cavities.
936 May be some of the newer designs for Stark effect discussed above, could be
937 used with two cavity spectrometers to realize the full potential of two and mul-
938 tiphoton microwave absorption experiments.
939 Jiger et al. described a microwave—submillimeter wave double resonance
940 spectrometer incorporating a PNFTMW spectrometer.'®”! This should prove
941 useful for the studies on van der Waals complexes, as intermolecular
942 vibrations often fall in mmwave region. The availability of tunable coherent
943 backward wave oscillators (BWO) with mW output power has significantly
944 aided in this effort. The BWO enters the MW cavity in a perpendicular direc-
945 tion through a Teflon window and is reflected back by a copper mirror to cross
946 the molecular beam again. If the signal transition is known, then the cavity
947 is tuned in that frequency and a set of transitions are recorded as a function
948 of pump frequencies. If the microwave frequency is not known then a
949 two-dimensional scan has to be done systematically. The projection of 3-D
950 spectrum in submillimeter or microwave axis gives the corresponding
951 frequencies. The best advantage of this double resonance technique is to sepa-
952 rate out very closely spaced components of hyperfine lines. As, for example,
953 two hyperfine components in microwave spectrum of CO-N, are separated
954 only by 5kHz, which is hard to resolve with a FTMW spectrometer
955 (see Fig. 2, however). But recording the two peaks in two different pump
956 frequencies will separate out the peaks in contour diagram of double
957 resonance technique. It has been used to observe the intermolecular bending
958 vibration of Ar—CO, as well.
959 Endo et al. have developed MW-optical double resonance spectro-
960 meter.!'! The design of the cavity is a typical one, with the supersonic
961 beam from the pulsed discharged nozzle, microwave beam, and the laser
962 beam all mutually orthogonal to each other. The cavity is tuned to the coherent
963 microwave radiation resonant with a particular rotational transition and
964 free induction decay of the emitted radiation is observed while an optical
965 light pulse from laser source is scanned. When the laser light is resonant to

966 one electronic excitation a change in the FID signal is observed. The
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967 MODR spectra of CCS and C4H radicals have been observed with this
968 spectrometer.

969 Pate et al. have quite recently developed an IR-FTMW-MW triple
970 resonance spectroscopy technique.!'°!! This spectrometer has been built to
971 observe the rotational spectrum of a vibrationally excited state. It has been
972 demonstrated by observing the rotational spectrum of J = 1 rotational level
973 of propyne in the acetylenic C—H stretch excited state. This development
974 opens the FTMW spectrometer to studies on chemical reaction dynamics.
975

976

977

III. STUDIES ON WEAKLY BOUND COMPLEXES AND

o COLD MONOMERS

z:(l) In Section II, many of the applications resulting from the advances in
082 design of the PNFTMW spectrometer were discussed. As indicated earlier,
083 studies on weakly bound complexes have dominated this field from the very
98;1 first report. The last few years have been no exception with a large number
085 of dimers and trimers added to the list. In this section, we highlight some of
086 the important studies on weakly bound complexes and cold monomers,
087 using PNFTMW spectrometer.

988

989

990 A. Rare Gas Clusters

991

992 The PNFTMW spectrometer made observation of the rotational spectrum
993 of rare gas clusters possible. The rare gas dimers are arguably the simplest
994 prototypes for modeling van der Waals interaction. Experimental data on
995 structure and electric charge redistribution would be valuable in developing
996 inter-atomic potential. Gerry et al. reported the observation of Ne—Xe,
997 Ar-Xe and Kr—Xe dimers"®! in 1993 followed by the observation of
998 Ne—Kr and Ar—Kr,"*! Ne,Kr and Ne,Xe.!"% In 1995, Grabow et al. pre-
999 sented a detailed study on Ar—Ne dimer!'®! arguably the weakest dimer
1000 reported till then. Since then, Jiger’s group has observed rare gas trimers
1001 and tetramers containing Ar and Ne."'”! All these studies were aided by a
1002 MW power amplifier as the induced dipole moments for the rare gas clusters
1003 were very small. Approximate determination of the dipole moments was
1004 carried out by estimating the power required for /2 pulse. The dipole
1005 moments varied from 0.0029 D for Ar—Ne to 0.014D for Ar—Xe. For Kr—
1006 Xe, one would expect the dipole moment to be larger as both are more polar-
1007 izable than Ar/Ne, but the estimate was 0.007 D. However, as the authors

1008 point out,!'%¥ these are order of magnitude estimates only. In any case,
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1009 accurate microwave measurements on rare gas dimers were helpful in refining
1010 the pair potentials.“m]
1011 Rare gas-molecule clusters are important as a building block to inter-
1012 molecular interactions and they have been investigated by PNFTMW spec-
1013 trometer throughout its 25 year history. The weakly bound Ar—H,S provided
1014 a dramatic example for the floppiness of van der Waals clusters showing an
1015 anomalous isotope effect. The rotational constants for Ar—H,S turned out to
1016 be smaller than that of the heavier Ar—D,S and, obviously, no rigid geometry
1017 could explain this observation.'®®! de Oliveira and Dykstra’®! calculated
1018 vibrationally averaged rotational constants for the ground vibrational state
1019 using rigid body diffusion quantum Monte Carlo method for the two isotopo-
1020 mers and succeeded in rationalizing this experimental observation. Their
1021 detailed potential energy surface calculation showed a low energy trough
1022 with small energy barriers for the orbit of Ar about H,S. Interestingly, similar
1023 calculations on Ne—H,S predicted a relatively normal isotope effect.!''*! Liu
1024 and Jiger reported the rotational spectra of Ne—H,S and Ne—D,S and the
1025 isotope effect was in reasonable agreement with Dykstra’s predictions.!''!!
1026 Jdger’s group has continued extensive studies on rare gas-molecule clus-
1027 ters identifying the first mixed rare gas-molecule trimer, ArNeCO,.""'*! They
1028 have also looked at several other rare gas and mixed rare gas clusters including

1029 Ar—-N,0, Ne—N,O, ArNeHCl, Ar,—N,0, Ne,—N,0, Ne,—OCS, Kr-H,0,
1030 ArNeN,O, Kr—NH;, Ne—NH;, Ar;—NHj3, Ne,—NHj;, and Ne;—NH;. More

1031 importantly, they have been able to observe several He containing clusters
1032 starting with He—CO.!""*! Helium being the least polarizable of the rare
1033 gases, formation of He-molecule clusters is more difficult than other rare
1034 gas-molecule clusters. Recently, they have reported He,—OCS, n = 2—8!'!4

1035 and He,,—N,0, n = 3—12""% clusters and these are probably the largest clus-
1036 ters to be studied by high resolution spectroscopy. In the He,—N,O cluster

1037 series, the moments of inertia increase for n = 3—6 but shows oscillatory
1038 behavior for n = 7-12. The oscillatory behavior has been interpreted as
1039 evidence for decoupling of He atoms from N,O in this size regime. It has
1040 also been taken as evidence for the transition from a molecular complex to
1041 a quantum solvated system, directly exploring the microscopic evolution of
1042 molecular superfluidity.

1043

1044

1045

1046 B. Molecular Clusters

1047

1048 Rotational spectra of molecular clusters offer a direct probe for deter-
1049 mining the intermolecular potential energy surface. We restrict our discussion

1050 in this section to aromatic clusters and a series of interesting cylindrical
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1051 trimers such as (OCS); reported by Kuczkowski et al.'""®! and some N,O clus-
1052 ters reported by Leung et al.
1053 When it comes to aromatic interactions, benzene dimer is obviously the
1054 most important system for detailed investigations. However, there has been
1055 only a short communication'"'”! about the resolved rotational spectrum of
1056 “a benzene dimer.” The sensitivity of the PNFTMW spectrometer played a
1057 crucial role in observing this spectrum which remained elusive. The spectra
1058 could be fit to a T-shaped structure and the intermolecular distance was esti-
1059 mated to be 4.96 A, very close to that of solid benzene. This short communi-
1060 cation remains the most direct structural determination of this important
1061 dimer. Internal rotation of either or both benzenes leads to a very complicated
1062 spectrum and only a small fraction of it has been assigned. The parallel-
1063 displaced structure of benzene dimer is theoretically predicted to be more
1064 stable than the T-shaped structure.!''®! It is certainly more important when
1065 one looks at the staggering evidences for aromatic 7 stacking in condensed
1066 phase. However, it does not have a dipole moment and hence not amenable
1067 to investigations by PNFTMW spectrometer. Later in this review, we define
1068 an electrophore, which should prove useful for rotational spectroscopic studies
1069 on this interesting dimer. Recently, Stahl’s group has reported the observation
1070 of 1,2-difluorobenzene dimer, which has a parallel, stacked structure.!'"?!
1071 Only c-dipole transitions were observed and each line was split by 110kHz
1072 into two tunneling components. Ring planes were assumed to be parallel
1073 and the distance between them was estimated to be 3.45 A. In the equilibrium
1074 structure, both rings are rotated by an angle of 130.3° against each other.
1075 A detailed report on C¢Hg—H,S dimer has been published!'**! along with
1076 comparison to results''?!'! on C¢Hg—H,O, recently. Both of them have similar
1077 structure with H,X lying along the Cg¢ axis resulting in a symmetric top spec-
1078 trum for the ground state. However, several excited internal rotor/tunneling
1079 states have been observed for both these complexes and the spectra of these
1080 excited states have little in common for the two dimers. Experimental results
1081 on hydrogen bonded complexes with first and second group hydrides will be
1082 useful in bringing out the similarities and differences in bonding. Molecular
1083 mechanics in clusters calculations indicate that the intermolecular potential
1084 surface is more floppy for the H,S complex compared to H,O complex.!'*"!
1085 Rodham et al. have reported the observation of C¢Hg—NH; dimer, which
1086 appears to be the only gas phase complex (other than ammonia dimer) with
1087 NH; acting as a hydrogen bond donor.!"*?!
1088 Rotational spectrum of fluorobenzene—HCI"** and fluorobenzene—

1089 H,0!"**! have been determined quite recently. These two systems offer a
1090 study in contrast. The HC] complex had its geometry very similar to that of
1091 benzene—HCI complex, which was reported 20 years back."'?*! Both C¢He—
1092 HCI and C¢HsF-HCIl complexes involve primarily m-hydrogen bonding.
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1093 However, such a m-hydrogen bonded minimum has not been observed for
1094 CeHsF—H,0 complex. Initial searches for this complex assuming a structure
1095 similar to C¢Hg—H,O yielded no results. Ab initio calculations by Tarakesh-
1096 war et al.''?®! on this system predicted that the F---HO o-hydrogen bonded
1097 complex would be more stable than the m-hydrogen bonded complex. In
1098 addition to the F---HO interaction, theory predicted a CH---O hydrogen
1099 bonding interaction as well, leading to a 6-member ring formation involving
1100 HCCEF of fluorobenzene and OH of H,O. A search with rotational constants
1101 predicted from such a o-hydrogen bonded structure was successful. The
1102 secondary CH - - - Cl interaction in C¢HsF—HCI is likely to be weaker com-
1103 pared to that in the analogous H,O complex. It would be interesting to look
1104 at CgHsF—HF dimer which should favor the o-hydrogen bonded complex in
1105 preference to the 7-hydrogen bonded complex.
1106 Kuczkowski et al. have reported an interesting series of trimers involving
1107 nearly all permutations of OCS, CO,, C,H,, C,Hy, N,0, and SO,. Almost all
1108 these trimers have a barrel like structures with the three “linear” molecules
1109 forming three columns. In many cases, the dimer had to be investigated first
1110 for a detailed comparison of the structures. For example, after looking at
1111 several trimers in the series, before proceeding to trimers containing C,Hy

1112 and OCS, they characterized the C,H;—OCS dimer."?”! In the dimer, the
1113 OCS lies above the C,H, plane, approximately parallel to the C=C. The

1114 (C,H4)—(OCS), trimer was investigated later.""?8! It had an equilibrium struc-
1115 ture in which the plane of the ethylene is roughly parallel to the plane formed
1116 by the two OCS molecules. The two OCS monomers were aligned with
1117 parallel dipoles unlike what has been observed in the OCS dimer!'** or
1118 (0CS),-CO, trimer,''**! in which the two OCS monomers are aligned anti-
1119 parallel. The HCCH-(OCS), also had a similar structure to that of (C,H4)—
1120 (OCS)z.[m] The study on (CO,),—N,O draws our attention for two reasons.
1121 It is noted that the coaxial injection of molecular beam resulted in lowering
1122 of intensity compared to the original perpendicular orientation, unlike in all
1123 other laboratories. This highlights the fact that the PNFTMW spectrometers
1124 are home-made and each one of the 25 plus spectrometers may be unique.
1125 In addition, the authors have pointed out that the rotational constants for
1126 the parent isotopomer and the dipole moment of the trimer could not dis-

1127 tinguish between (CO,),—N,0 and (CO,)—(N,0),. Getting the spectrum for
1128 (13 CO,)>,—N50 helped in resolving the ambiguity and proved the complex
1129 to be (CO,),—N,O0.

1130 Leung et al. have been systematically investigating a series of N,O comp-
1131 lexes to explore the nature of bonding through the quadrupole coupling
1132 constants for the two N nuclei present in the system. Their main objective
1133 is to test the assumption frequently made in the analysis of quadrupole coup-

1134 ling constants in weakly bound complexes. It is generally assumed that the
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1135 change observed in quadrupole coupling constants for an atom in the mono-
1136 mer and in the complex is attributable to the orientation of the monomer in
1137 the complex. By comparing the two values, the projection angle is determined.
1138 Having two "*N quadrupolar nuclei in N,O implies that quadrupole coupling
1139 constants for both should lead to the same projection angle, if this assumption

1140 is valid. They have observed that for only one (OCS—N,O) out of five
1141 (Ar—=N,O, HCCH-N,0, CO,-N,0, and N,—N,O being the other four),
1142 this assumption is valid. Recently, they have reinvestigated the linear and
1143 bent isomers of HF-N,O complexmz] and looked at HF—‘SNMNO,
1144 HF-"*N'SNO, and HF—""N,0 isotopomers. As '°N does not have a quadru-

1145 pole moment, the rotational spectrum of HF—'>N,O has been used to deter-
1146 mine the HF spin—spin coupling constant. The rotational spectra of the
1147 other two isotopomers have yielded the "*N quadrupole coupling constants
1148 for both the terminal and the central N. These results have been used to deduce
1149 that in the linear isomer, electric field gradient of N is perturbed on hydrogen
1150 bond formation but such a perturbation is not found in the bent isomer.

1151

1152

1153 C. Molecular Conformers, Chiral Molecules and

1154 Their Complexes

1155

1156 Though, weakly bound complexes have been attracting a lot of attention,
1157 the sensitivity and resolution of PNFTMW spectrometer has been simul-
1158 taneously exploited for looking at rotational spectra of several interesting
1159 monomers recently. Many of them have numerous conformers and are of bio-
1160 logical interest. To highlight advances in this direction, a few examples are
1161 discussed in this section.

1162 Fraser et al. have reported PNFTMW investigations on 1-pentene, !
1163 1-hexene,!"** and 1-octene!'*! in recent years. These simple unbranched
1164 hydrocarbon chains are rich in the number of conformational isomers.
1165 According to ab initio and molecular modeling 1-pentene, 1-hexene, and
1166 l-octene are expected to have 5, 13, and 131 conformational isomers,
1167 respectively. Out of these, PNFTMW spectrometer has provided the
1168 rotational spectrum of 4, 7, and 15 conformational isomers, respectively.
1169 For 1-octene, the 15 conformers observed are within an energy spread of
1170 365cm ™' according to molecular mechanics calculations. Fourteen of the
1171 15 conformers observed are positively assigned to 14 of the 15 lowest
1172 energy minima predicted. Conformational cooling is not very efficient in
1173 supersonic expansion and this facilitates the observation of many of the con-
1174 formers that are present in the room temperature sample. The advances in

1175 automatic scanning of the PNFTMW spectrometer at NIST have vastly
1176 benefited this effort. The low resolution survey spectrum of l-octene is
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1196 Figure 10. Part of the survey spectrum for 1-octene taken from 11.4 to 12.4 GHz. The
197 lines are labeled a—o to identify the 15 different conformers. Inset shows an expanded
1198 view of 200MHz spectrum. Source: See Ref.l'** for details. Reproduced with
1199 permission from American Chemical Society.
1200
1201

1202 shown in Fig. 10. The 1-GHz spectrum shown is the result of 2000 or 4000
1203 experiments with 500 or 250 kHz step size. The fact that this could be done

1204 in about an hour would be greatly appreciated by many of the practitioners
1205 in the field who have spent days to collect such information (see also Fig. 1
1206 of Ref.®! showing a 3GHz spread spectrum of HfO and HfO,). These
1207 results should prove important for theoretical investigations to test the
1208 hydrocarbon force field.

1209 Tuberjen et al. have been investigating the rotational spectra of several
1210 amino acids, derivatives, and their complexes. They have reported the
1211 rotational spectra of amino acid derivatives like alaninamide,!'*®! prolina-
1212 mide,!"*”! and valinamide.!"*®! These structures have intramolecular hydrogen
1213 bonds from the amide to amine groups and similar in structure to the higher
1214 energy amino acid conformer. Similarly N-acetyl-alanine N'-methylamide
1215 (AAMA) is a model for protein conformation study as it contains two peptide
1216 bonds. Lavrich et al.''**! have taken a different approach for conformational
1217 identification for this molecule other than isotopic substitution. AAMA

1218 has three methyl groups, two of which have low V3 barrier and cause
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1219 torsion—rotation splitting in microwave spectrum. Analysis of these spectra
1220 enabled them to get two different sets of angles to define the three dimensional
1221 orientation of these methyl groups. These angles proved to be unique for a
1222 particular conformer.
1223 Alonso et al. have been looking at conformational isomers in hydrogen
1224 bonded complexes. For example, they have studied the axial and equatorial

1225 hydrogen bonded pentamethylene sulfide—HCI/ HFE,40141 tetrahydro-
1226 pyran—HCI/HF,!"**'**! and trimethylene sulfide—HF complexes.!"** The struc-

1227 tures of axial and equatorial trimethylene sulfide—HF complexes are shown in
1228 Fig. 11. The axial conformer has been found to be the most stable. It has been
1229 possible to observe the conformational relaxation of the equatorial form to
1230 axial form by varying the carrier gas from He to Ar. Ruoff et al. have earlier
1231 shown that the conformational relaxation would be complete in supersonic
1232 expansion with Ar, if the barrier is less than 400 cm ™' "**! and only the low
1233 energy conformers would be present. Interestingly, for pentamethylene sul-
1234 fide—HX complex, the barrier for conversion is much larger, 4057 cm ! [146]
1235 and both axial and equatorial hydrogen bonded complexes could be observed
1236 in Ar. Alonso et al. have also reported the construction of a laser ablation
1237 source especially for studying organic and biomolecules recently.!"*”) This
1238 has been used to record the spectrum of the neutral proline.'*®!

1239 Alonso et al. have used the PNFTMW spectrometer for recording the first
1240 gas phase complex containing C—H - - - O hydrogen bonds,"'**! as well. The
1241 complex is the dimer of dimethyl ether. Experimental rotational constants
1242 of six isotopomers have been used to determine the structure in terms of
1243 R ., 61, and 6,, where R, ,,, is the distance between the c.m. of the two mono-
1244 mers, 0; and 6, are the angle between the line connecting the c.m. and the C5,
1245 axis of monomers 1 and 2. The structure of a monomer had been fixed in doing
1246 this estimation. The experimental rotational constants is in reasonable agree-
1247 ment with a structure involving 3 C—H--- O hydrogen bonds, as shown in
1248 Fig. 12. Theoretical calculations have indicated that there is a shortening of
1249 C-H bond in the dimer compared to the monomer leading the authors to
1250 characterize this interaction as improper, blue shifting hydrogen bond. As
1251 the decrease in C—H bond length is rather small, experimental evidence
1252 from rotational spectroscopy for such a decrease would be very difficult to
1253 establish. However, experimental evidence for blue shifting in C—H stretching
1254 frequency has been obtained by Hobza and coworkers!'>® using infrared
1255 spectra of 1:1 complex of dimethyl ether and fluoroform in liquid Ar. For a
1256 theoretical explanation on the reasons for blue-shifting hydrogen bonds, the
1257 reader is referred to an interesting article by Hermansson.''>!]

1258 Howard et al. have been interested in observing intermolecular complexes
1259 of chiral molecules, with the objective of understanding enantiospecificity in

1260 biological and pharmaceutical compounds. Enzyme and substrate are both



120030906_ASR_039_000_R2_031904 Techset Composition Ltd, Salisbury, U.K.—120030906

Advances and Applications of PNFTMW Spectrometer 31
1261 O —————————————————— H
1262 ; -
1263 Av=+6 cm-1 N
1264 : Al=00001A4 | C—
1265 B
1266 B
1267 C. |Av=+17cm-1
1268 \ - Al=-0.0021 A
1269
1270 _C Hroooooes :__:::—'—':"O
1271 \ PP -
1272 —-mT
1273 H C—
1274 l
1275
1276 Figure 11. Structures of axial and equatorial conformers of trimethylene sulfide
1277 ---HF. Source: Reproduced with permission from Wiley-VCH, Ref.["*¥],
1278
1279 chiral and their interaction can be probed by studying van der Waals com-
1280 plexes between two chiral species. The van der Waals complex formed
1281 between two chiral species can have R—R, S—S, R—S, and S—R conformations
1282 in the complex. The R—R and S-S complexes are called homochiral and they
1283 will be enantiomers. Similarly, the heterochiral R—S and S—R complexes will
1284 be enantiomers. With this objective in mind, King and Howard investigated
1285 2-butanol with PNFTMW spectrometer and identified three of the nine poss-
1286 ible conformers arising from the C—C and C—O single bond rotations.!">?
1287 Three conformers in supersonic expansion imply potentially nine different
1288 forms of the dimer. The two lone pairs on oxygen atom are not equivalent
1289 and it could lead to two different complexes as discussed in the last paragraph.
1290 King and Howard have identified the rotational spectrum of R2S heterochiral
1291 dimer, where the 2 identifies the lone pair involved in hydrogen bonding."'>*
1292 Howard’s group has also been looking at open shell complexes such as
1293 Kr—NO,.!"**' A Helmholtz coil is used to compensate the earth’s magnetic
1294 field to remove the Zeeman splitting observed.
1295
1296
1297 IV. HYDROGEN BOND RADII AND ELECTROPHORE
1298
1299 In Section II and I1I, all the advances and direct applications of PNFTMW
1300 spectrometer have been discussed. In this section, we introduce some concepts
1301 that evolve as a result of the vast structural data that have become available in

1302 the past two decades.
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1329
1330 Figure 12. Shortening of the C—H bond lengths and blue shift of the corresponding
1331 stretching vibrations, upon formation of the dimer, of the C—H groups involved in
1332 the H bond, based on ab initio investigations. Microwave spectrum does not give any
1333 evidence for this shortening as the change in distance is too small. However, IR spectro-
scopic evidence for the blue shift is available. See text for details. Source: Repro-
duced with permission from American Chemical Society, Ref.['471,

equatorial
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1334
1335
1336
1337
1338
1339 A. Hydrogen Bond Radius

1340

1341 Recently, by analyzing the accurate intermolecular distances for hydro-
1342 gen bonded complexes, almost all of them determined by PNFTMW spec-
1343 trometer, Mandal and Arunan defined a hydrogen bond radius for HF, HCI,
1344 HCN, and HBr!''*! in B...HX complexes, where B is a hydrogen bond



120030906_ASR_039_000_R2_031904 Techset Composition Ltd, Salisbury, U.K.—120030906

Advances and Applications of PNFTMW Spectrometer 33
1345 acceptor. Gadre et al. have determined the electrostatic potentials for various
1346 B molecules and identified the location of global minimum.!"*®! They argued
1347 that these minima symbolize the sites of electron localization in molecules and
1348 act as probable proton attractors. The distance from the bonding center in B,
1349 which may be an atom or center of a 7 electron cloud to the electrostatic mini-
1350 mum, R, Was close to the van der Waals radius of the atom in B. They noted
1351 that for several B°~ - - HF complexes, the B—H distance was the sum of R, and
1352 a constant, 0.47 A. Mandal and Arunan extended this analysis to the other HX
1353 complexes and noted that this constant increased with decreasing dipole
1354 moment of HX. This constant was defined as hydrogen bond radius for the
1355 HX. An empirical linear correlation was found and it was pointed out that
1356 the intercept at zero dipole moment, 1.01 A was closer to the van der
1357 Waals radius of hydrogen atom, 1.2 A. There appears to be no theoretical
1358 reasons for this linear correlation. Later on, this analysis was extended to
1359 HCCH and H,0 complexes as models for C—H and O—H hydrogen bond-
1360 ing."*! Figure 13 shows the hydrogen bond radius for various hydrogen
1361 bond donors as a function of dipole moment of HX. The hydrogen bond radius
1362 in Fig. 13 has been extrapolated to 1.1 A at zero dipole moment for HCCH in
1363 addition to the linear correlation. All the hydrogen bond radii determined from
1364 this analysis fall in between the covalent radius and van der Waals radius of
1365 hydrogen atom. Figure 13 offers yet another evidence that molecular inter-
1366 actions are continuous from the strong covalent to the weak van der Waals.
1367 A preliminary analysis of O—H-0O, N-H-0O, and C-H-0O distances from
1368 the Cambridge crystal data base gives results in close agreement with
1369 Fig. 13.1157
1370 Recently, a similar analysis on CIF and Cl, complexes has shown that, CI
1371 radius on these complexes follow a similar trend and fall in between the
1372 covalent and van der Waals radii of CL.M'>® Here again, most of the experi-
1373 mental data have come from PNFTMW spectrometer.
1374
1375
1376 B. An Electrophore
1377
1378 Microwave spectroscopy is certainly limited in its applications. Only
1379 molecules that have a finite vapor pressure and a non-zero permanent dipole
1380 moment can be investigated. However, the information that can be obtained
1381 from microwave spectroscopy is often the most accurate and precise. Experi-
1382 mental advances such as pulsed discharge nozzle and laser ablation have
1383 certainly expanded the range of chemical systems that can be studied. Also,
1384 the sensitivity of FTMW spectrometers has allowed the observation of
1385 non-polar molecules under some conditions. Centrifugally induced pure

1386 rotational spectrum has been observed for the non-polar SO; molecule with
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1409 Figure 13. Hydrogen bond radius for various hydrogen bond donors as a function of
1410 dipole moment. Note that all these radii are between the covalent and van der Waals
1411 radii of hydrogen atom.
1412
1413
1414 FTMW spectrometer.!'> Isotopically substituted molecules that have tiny
1415 dipole moments such as C¢gHsD" %" have been investigated as well. The differ-
1416 ence in zero point oscillations between C—H and C-D groups generates
1417 a dipole in C¢HsD. However, for 13CCsHg, the dipole moment would be
1418 much smaller if at all non zero and, so far, there have been no reports on its
1419 rotational spectrum. Here, we introduce the concept of an electrophore that
1420 can be used for getting the rotational spectrum of non-polar molecules, some-
1421 what like a chromophore that gives color to a molecule. Table 5 lists the
1422 rotational constants for C¢HsD and '*CCsHg determined by the microwave
1423 investigations of C¢Hg—H,O isotopomers, in which H,O may be considered
1424 an electrophore. In this complex, the ground state has practically spherical
1425 H,0 and it does not contribute to the moments of inertia along the a inertial
1426 axis. Thus, the A rotational constant determined for the complex is virtually
1427 identical to the C rotational constant for the substituted benzene. The concept

1428 of an electrophore was used without recognition in studies on Ne—CgHg



120030906_ASR_039_000_R2_031904

1429
1430
1431
1432
1433
1434
1435
1436
1437
1438
1439
1440
1441
1442
1443
1444
1445
1446
1447
1448
1449
1450
1451
1452
1453
1454
1455
1456
1457
1458
1459
1460
1461
1462
1463
1464
1465
1466
1467
1468
1469
1470

Techset Composition Ltd, Salisbury, U.K.—120030906

Advances and Applications of PNFTMW Spectrometer 35

Table 5. Rotational constants (in MHz) A for CgHsD/
13CCsHe—HX and C for C¢HsD/">CCsH.

C¢HsD 13CCsHq
HX A/C HX A/C
— 2,749.674% — 2,813¢
H,O 2,765.5(2)° D,0 2,832(4)°
D,0 2,765.5(3)° HCN 2,823(7)¢
_ — H,S 2,837(6)°
aRef 110!,

PRef.l'?!"!. The A rotational constant reported is incorrect for
13CCsHg—H,0 due to wrong assignment.
“No experimental results available, calculated from a rigid structure.

dRef 163,

*Ref.12%],

dimer. Initial attempts to obtain the rotational spectrum of this complex were
unsuccessful.'®"" Somewhat serendipitously, Arunan et al. observed the
rotational spectrum of the sandwich trimer Ne—CgHe—H,0!"%?! which
provided a further impetus for a successful search of Ne—CgHe.!**! It turned
out that the Ne—c.m.CgHg distances were practically identical in Ne—CgHg
and NC—C6H6—H20.

Table 6 lists the rotational constants for Ar, determined from electronic
spectra as well as from the rotational spectra of the various Ar,—X complexes.

Table 6. Rotational constants for Ar,—HX (A or B).

X B (MHz) Reference
— 1,731.601 —2
Ne 1,739.717 [106]
HF 1,739.139 [164]
HCl 1,733.857 [165]
HBr 1,731.959 [166]
H,O 1,734.651 [167]
HCN 1,743.854 [169]
H,S 1,733.098 [168]

“Herman, P. R.; LaRoucque, P. E.; Stoicheff, B. P. J. Chem. Phys.
1988, 89, 4535. In all these complexes, X does not contribute to
the moments of inertia about the principle axis bisecting Ar,. The
Ar—Ar distance varies by less than 0.01 A in all the complexes.
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1471 As is evident, even Ne can be an electrophore for experimental deter-
1472 mination of Ar—Ar distance in Ar, through rotational spectroscopy. The
1473 sensitivity and resolution of PNFTMW spectrometer were crucial in these
1474 experiments.
1475 The concept of an electrophore can be useful in looking at tunneling states
1476 of various hydrogen bonded dimers. This became obvious during the detailed
1477 investigations on Ar—(HzO)z.mo] The (H,0), undergoes complicated tunnel-
1478 ing motions leading to 8 isoenergetic minima that are labeled as A;, By, E;,
1479 A, B,, and E,.!""" 1t has strong a dipole component which is inverted follow-
1480 ing donor—acceptor interchange tunneling. The result is that only E states
1481 have rigid rotor spectrum and A and B states have tunneling spectra. Forming
1482 Ar—(H,0),, introduced a dipole moment along the b axis of (H,0), (a axis for
1483 trimer), which remains unchanged during donor—acceptor interchange tunnel-
1484 ing. Hence, for Ar—(H,0),, all a dipole transitions were pure rotational tran-
1485 sitions for A, B, and E states, though only E state has & dipole pure rotational
1486 transitions. Not surprisingly, the A rotational constant for Ar—(H,O), was very
1487 close to the B rotational constant for the (H,O),.
1488 Recently, Kisiel et al. have studied (H,0),—HCI"’? and (H,O),-
1489 HBr.!'”! They pointed out the importance of studying water multimers,
1490 (H,0),, and noted that the first in such series, (H,O)3, has no dipole moment.
1491 By changing one of the (H,O) to HX, two non-zero dipole moment compo-
1492 nents have been introduced. Clearly, the concept of an electrophore has

1493 been used. The A rotational constant for Ar—(H,O),, HBr—(H,O),, and
1494 HCI-(H,0), are 6253, 6770, and 6875MHz compared to the B of
1495 6160.7 MHz for (H,0),.1°" As the a axis for the trimer is practically the b
1496 for dimer, it points to a reduction in O—O distance of 0.035, 0.153, and
1497 0.155A in Ar—(H,0),, HBr—(H,0),, and HCI-(H,0),, respectively com-
1498 pared to (H,O),. As is evident, forming the trimer with HCI and HBr alters
1499 the (H,0), quite significantly. Moreover, the tunneling dynamics of (H,O),
1500 is altered as well, with four closely spaced (<1 MHz spacing) tunneling states
1501 observed for HBr—(H,0), and HC1-(H,0),, with no obvious similarity to the
1502 (H,0), tunneling states. Even in the Ar—(H,0), trimer, the tunneling splitting
1503 is significantly reduced. It was found to be 106 MHz for Ar—(D,0O), compared
1504 to 1 GHz for (D,0),. Information of (H,0O); could be more directly observed
1505 by a detailed look at Ar—(H,0O);. Preliminary results on Ar—(H,0);!'74
1506 showed qualitatively similar tunneling states as observed in the far-IR
1507 spectrum of (H20)3.“75] For (H,O)3, a symmetric quartet with a spacing of
1508 289 MHz was observed but in Ar—(H,O); this splitting reduced to about
1509 40 kHz.

1510 The tunneling frequencies are often in mm or far IR region, making it dif-
1511 ficult for observation with PNFTMW spectrometer. All the (HX), exhibit such
1512 tunneling and except for (HF),, no transitions could be observed in microwave
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1513 region for (HCI), and (HBr),. Novick et al. overcame this problem by

1514 isotopic substitution to quench the tunneling and obtained the rotational
1515 spectrum for HBr—DBr.""”%! Howard et al. had earlier observed microwave
1516 transitions for HCI-DCL!""”" Rotational spectrum of Ar—(HCl), and
1517 Ar—(HBr), could provide detailed information about the HX dimer as well
1518 as the trimer. As of now, there appears to be no report on Ar—(HX), for
1519 any hydrogen halides, though there have been several attempts'” to look
1520 for Ar—(HF),.

1521 We note that the investigations of Fraser et al. on a series of
1522 1-alkenes!**~ 13! have been stimulated by the same concept. As a means to
1523 study the conformations of n-alkanes that have zero or tiny dipole moments,
1524 they have utilized the polar end group in alkenes.

1525

1526

1527

1528 V. CONCLUSIONS

1529

1530 It is 25 years now, since Balle and Flygare developed the PNFTMW
1531 spectrometer. In their first article describing the spectrometer,'® they had
1532 anticipated the use of a high temperature nozzle for looking at heavy
1533 molecules with low vapor pressure and rare gas-metal atom dimers. They
1534 had suggested that “by crossing the nozzle expansion with some excitation
1535 source such as a laser, electron beam, or plasma, one might be able to
1536 see rotational transitions in excited states.” They also observed that other
1537 types of nozzle sources might allow one to observe combustion or explosion
1538 products. Finally, they had hoped that molecular radicals and ions would be
1539 studied using this technique. Electron beam and plasma are yet to be
1540 used along with the PNFTMW spectrometer, to the best of our knowledge.
1541 However, this review clearly points out that the practitioners in this field
1542 from all over the world have achieved everything Flygare had hoped and
1543 a whole lot more using this spectrometer. Klemperer observed that the
1544 supersonic expansion technique has reduced the synthesis of weakly bound
1545 complexes to a two-step process: buy the components and expand.'”®!
1546 The high temperature nozzle, coaxial mixing nozzle, and laser ablation
1547 sources have made it possible to study virtually any chemical species or
1548 complex by rotational spectroscopy, even the ones that cannot be bought
1549 or the ones that would prefer to react, rather than forming a weakly bound
1550 complex! The fact that several new spectrometers have been fabricated
1551 in the last few years suggests that the horizons of applications of PNFTMW
1552 spectrometer will be widening further. Just after the completion of this
1553 review, we have learned about the arrival of yet another PNFTMW

1554 spectrometer.!'3"!
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