
RAPID COMMUNICATIONS IN MASS SPECTROMETRY

Rapid Commun. Mass Spectrom. 2008; 22: 533–540

) DOI: 10.1002/rcm.3394
Published online in Wiley InterScience (www.interscience.wiley.com
An electrospray mass spectrometric method for accurate

mass determination of highly acid-sensitive

phosphoramidites

Zoltán Kupihár1,2*, Zoltán Timár1,2, Zsuzsanna Darula4, Douglas J. Dellinger1,3

and Marvin H. Caruthers1

1Department of Chemistry and Biochemistry, University of Colorado at Boulder, Boulder, CO, USA
2Department of Medicinal Chemistry, University of Szeged, Szeged, Hungary
3Agilent Laboratories, 5555 Airport Road, Boulder, CO 80301, USA
4Proteomics Laboratory, Biological Research Center, Szeged, Hungary

Received 24 October 2007; Revised 29 November 2007; Accepted 11 December 2007
*Correspo
istry, Un
E-mail: k
Contract/
sity of Co
An accurate mass determination method utilizing electrospray ionization mass spectrometry is

described for analysis of several different types of phosphoramidites that are extremely

acid-sensitive compounds. An earlier method, which applied a LiCl/acetonitrile system, was

extended for this special application by using polymeric standards including poly(ethylene glycol)

(PEG), poly(ethylene glycol) dimethyl ether (PDE) and poly(propylene glycol) (PPG). Concentrations

of standards, samples and LiCl were optimized and potential impurities that affect the analyses were

also investigated. Copyright # 2008 John Wiley & Sons, Ltd.
In the early 1980s, 20-deoxynucleoside phosphoramidites as

monomer units revolutionized nucleic acid synthesis.1,2 These

20-deoxynucleoside derivatives are relatively stable but after

mild acidic activation become highly reactive for

the condensation reaction that forms the sugar-phosphate

backbone of nucleic acids. Following this early research,3

several phosphoramidite derivatives have been synthesized

for different purposes (e.g. fluorescent dye or biotin-

containing molecules, 30- and 50-amino or thiol modifiers,

sugar or nucleobases with diverse protecting groups).4–12

However, chemical characterization of these compounds

remains problematic. Currently, 1H, 13C and 31P NMR are

used to provide important data but a complete characteriz-

ation, including elemental analysis, is not possible as

phosphoramidites are isolated as foams or oils. Accurate

mass determination could replace elemental analysis but

the commonly usedmild ionization techniques (MALDI, FAB,

LSIMS, ESI) apply acidic media or matrices that

are incompatible with the acid-labile phosphoramidites.

Additionally, many phosphoramidites contain acid labile

moieties such as substituted trityl protecting groups which

provide strong, undesired signals in the positive detection

mode. A method using electrospray ionization mass spec-

trometry (ESI-MS) has been used with LiCl in acetonitrile

instead of an acidic aqueous methanol solution in order to

characterize phosphoramidites in both positive and negative

mode.13 However, for accurate mass determination, which

requires an internal standard, there is an additional problem.

This is because the internal standard and the analyte molecule
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mutually perturb one another’s ionization in the ion source.

Application of a dual ESI spray ion source can reduce the

analyte-reference competition during the formation of ions

but this procedure also requires constant optimization of the

reference standards and analyte concentrations.14,15 Addition-

ally, these two channel sources are not widely available.

Recently, a method has been described by Fujitake et al. for

measuring the accurate mass of phosphoramidites using

liquid secondary ion mass spectrometry (LSIMS) with a

double focusing mass spectrometer and a novel triethano-

lamine-NaCl matrix system.16 These workers analyzed

nucleoside phosphoramidites but only in the positive ion

detection mode. Although they could measure several

phosphoramidites with very high accuracy, the relative

intensities of the sample peaks compared to the undesired,

substituted trityl peaks were only 0.4–20.7%, which results in

lower sensitivity and reproducibility.

Our aim was to develop a one-channel ESI-MS procedure

in combination with different polymeric standards such as

poly(ethylene glycol) dimethyl ether (PDE), poly(ethylene

glycol) (PEG), and poly(propylene glycol) (PPG)15,17,18 as a

simple method for accurate mass determination of various

phosphoramidites. In our preliminary experiments, as

reported in a poster session,19 50-O-dimethoxytrityl-20-

deoxythymidine-30-O-(2-cyanoethyl-N,N-diisopropyl) phos-

phoramidite, a PEG standard, and LiCl in acetonitrile were

used to optimize the sample/standard/LiCl ratio. Based on

these promising results, we investigated many additional

phosphoramidites and polymer standards in order to

explore the general use of this procedure. These results

are summarized in this manuscript.
Copyright # 2008 John Wiley & Sons, Ltd.
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EXPERIMENTAL

Materials
LiCl (puriss), PEG (average MW: 600 and 1000), PDE

(average MW: 600 and 1000), PPG (average MW: 725 and

1000) and acetonitrile (Acetonitrile UV, B&J Brand1, High

Purity Solvent, 0.001% water) were purchased from Sigma-

Aldrich-Fluka. The phosphoramidite samples as well as the

methylphosphinoamidite (Fig. 1, compound 11) were

ordered from Glen Research and Chemgenes Corporations

and the two 20-deoxynucleoside-30-O-(diisopropylamino)

phosphino acetic acid 1,1-dimethylcyanoethyl esters (Fig. 1,

compounds 12 and 13) were purchased from Metasense

Technologies.

The following stock solutions were prepared: saturated

LiCl solution in acetonitrile; 10� and 100� diluted solutions

(10�d and 100�d, respectively) of saturated LiCl in

acetonitrile; 100, 10 and 1mM phosphoramidites in aceto-

nitrile; 100, 10 and 1mM PEG, PDE and PPG standards in

acetonitrile.

Instrumentation
All mass spectrometric analyses were performed on an API

Q-STAR pulsar i (ABI/MDS SCIEX) instrument in TOF-MS

mode using a standard ion-spray source with a fused-silica

capillary and the following instrument parameters: ion

source voltage in positive (3800V) and negative (�3800V)

modes; declustering potential 1 was 40V and �45V;

declustering potential 2 was 10V and �10V; focusing

potential 265V and �265V; focusing rod offset was 20V

and �20V; ion source gas (N2) was 20 L/h; curtain gas (N2)

was 40L/h; gridwas 15V and�20V. Accumulation time: 1 s;

scan range: m/z 300–1400.

General method for accurate mass
measurement of phosphoramidites
Volumes of 10mL of 10�d LiCl, 10mL of 10mMPEG, PDE or

PPG, 10mL of 100mM phosphoramidite and 70mL of

acetonitrile were mixed, injected using a syringe pump

and the accurate mass was measured in positive and

negative detection modes. When the intensity or the ratio

of the intensities of analyte/reference was not acceptable,

another 100mL mixture of LiCl, standard, and sample in

acetonitrile was prepared with appropriate changes in

sample concentrations. For mixtures having high polymer

signals, the maximum final phosphoramidite concentration

was increased to 50mM; in contrast, when the polymer signal

was of low intensity, the phosphoramidite concentration was

decreased to 0.02mM. The optimal, final concentrations (i.e.

where the polymeric standard and phosphoramidite signal

intensities were similar) in both positive and negative mode

are shown inTable 1. Theoreticalmasses for reference standard

molecules and phosphoramidite samples were calculated

using the AnalystTM QS software package using the built-in

isotopic distribution calculator. Data of the phosphoramidites

are presented in Table 1. Internal calibration of spectra and a

determination of the accurate mass of the analyte phosphor-

amidites were performed using the two nearest monoiso-

topic reference standard peaks relative to the sample peaks.
Copyright # 2008 John Wiley & Sons, Ltd.
RESULTS AND DISCUSSION

Observations leading to the LiCl/acetonitrile
system containing polymeric standards
Our aim was to develop a simple and easily applicable,

general method for measuring accurate mass of phosphor-

amidites by ESI-MS. As all ions that form in the ion source are

competitors and perturb one another’s ionization, suppres-

sion of undesired peaks (e.g. trityls and other decomposition

side-products) compared to the sample peak is important

because suppression of these peaks enhances formation of

the internal standard and sample ions which increases the

sensitivity of the method. These variables can be easily

managed with ESI using LiCl instead of acids. The

application of ESI has a further advantage compared to

other ionization techniques as this ion source is presently one

of the most popular, convenient and widely used.

Our initial experiments focused on the LiCl/acetonitrile

system and PPG, a ready-to-use standard (Mass Spectro-

meter Standard Kit, Final Test Kit PE SCIEX; P/N: 401936)

which is commonly used with non-acid labile compounds.

As these standard mixtures contain volatile acids such as

acetic acid and formic acid, we could not detect any signal

from the phosphoramidite samples, presumably because

these acids degraded the analyte. We then turned to an

investigation of non-acidic mixtures containing PEG, PPG

and PDE. These polymeric standards are cheap, easily

available, stable and soluble in non-protic organic solvents

such as acetonitrile or tetrahydrofuran. They also form ions

in both positive and negative mode with metal and halogen

ions and thus yield ion ladders having 44 (PEG, PDE) or

58 (PPG) mass differences. These advantages make sample

preparation, measurement and mass calibration very con-

venient. PDE has the added advantage of not containing

hydroxyl groups which could be important for nucleophile-

sensitive samples.

Optimization of LiCl content and standard
concentration
Preliminary experiments were completed using saturated

LiCl in acetonitrile as a stock solution with a PPG standard

and compound 4 (10mM) in acetonitrile (structures are

presented in Fig. 1). The optimal LiCl content was found to be

the 100 times diluted (100�d) mixture of a saturated LiCl

solution. When solutions with less LiCl were applied, the

signal intensities for both sample and standards decreased.

Near these low Liþ concentrations, Naþ and Kþ adducts

could also be seen which creates a more complex spectrum.

With higher concentrations of LiCl, the reference molecules

formed not only [MþLi]þ ions, but also [Mþ2Li]2þ and

[Mþ3Li]3þ multiply charged ions which, in positive detec-

tion mode, leads to overlapping peak series (Fig. 2).

Although these doubly and triply charged reference ion

peak series could also be used for calibration, we tried to

decrease the intensity of multiple charged standard peaks by

applying the lowest possible salt concentration in order to

obtain simple and clear spectra. Using the 100�d LiCl

solution, all three standards (PEG, PDE, PPG in acetonitrile)

gave excellent spectra with [MþLi]þ and [MþCl]� ion series
Rapid Commun. Mass Spectrom. 2008; 22: 533–540
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Figure 1. Structures of phosphoramidite compounds 1–13.
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in positive and negative ion mode, respectively. For these

reference standards, 0.2–1mM was found to be optimal (the

range examined was 0.05–10mM). At lower concentrations

the signal-to-noise ratio was close to 1 which leads to low
Copyright # 2008 John Wiley & Sons, Ltd.
resolution and accuracy. The intensities of these reference

peaks were also relatively low at 0.05–0.2mM. On the other

hand, concentrations higher than 1mM did not provide

improved results.
Rapid Commun. Mass Spectrom. 2008; 22: 533–540
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Table 1. Optimal sample and reference concentrations, calculated, measured masses and accuracies for accurate mass

analyses of compound 1–13 phosphoramidites

No. Standard

Concentration (mM)

Ions

Masses

DM
(ppm)Sample Standard Calculated Measured

1 PEG 1 1 [MþLi]þ 864.3821 864.3853 3.7
PDE 10 1 864.3779 �4.9
PPG 10 1 864.3824 0.3
PEG 1 1 [MþCl]� 892.3359 892.3365 0.7
PDE — — b —
PPG 10 1 892.3363 0.4

2 PEG 10 1 [MþLi]þ 840.3709 840.3731 2.6
PDE 10 1 840.3744 4.2
PPG 20 1 840.3698 �1.3
PEG 10 1 [MþCl]� 868.3247 868.3254 0.8
PDE — — b —
PPG 10 1 868.3265 2.1

3 PEG 10 1 [MþLi]þ 846.3926 846.3926 0
PDE 10 1 846.3925 �0.1
PPG 5 1 846.3936 1.2
PEG 0.05 1 [MþCl]� 874.3465 874.3455 �1.1
PDE 0.05 1 874.3478 1.5
PPG 10 1 874.3463 �0.2

4 PEG 1 1 [MþLi]þ 751.3443 751.3438 �0.7
PDE 10 1 751.3442 �0.1
PPG 10 1 751.3448 0.7
PEG 0.2 1 [MþCl]� 779.2982 779.2972 �1.3
PDE 0.1 1 779.2978 �0.5
PPG 1 1 779.2980 �0.3

5 PEG 30 1 [MþLi]þ 726.3490 726.3499 1.2
PDE 10 1 726.3474 �2.2
PPG 10 1 726.3496 0.8
PEG 2 1 [MþCl]� 754.3029 754.3020 �1.2
PDE — — b —
PPG 10 1 754.3034 0.7

6 PEG 10 1 [MþLi]þ 939.4676 939.4675 �0.1
PDE 10 1 939.4685 1.0
PPG 10 1 939.4687 1.2
PEG 0.2 1 [MþCl]� 967.4214 967.4225 1.1
PDE 0.1 1 967.4243 3.0
PPG 10 1 967.4213 �0.1

7 PEG 10 1 [MþLi]þ 950.4652 950.4627 �2.6
PDE 10 1 950.4625 �2.8
PPG 10 1 950.4665 1.4
PEG 0.2 1 [MþCl]� 978.419 978.4184 �0.6
PDE 0.2 1 978.4186 �0.4
PPG 5 1 978.4184 �0.6

8 PEG 10 0.2 [MþLi]þ 596.3588 596.3585 �0.5
PDE 10 1 596.3611 3.9
PPG 10 0.2 596.3570 �3.0
PEG 10 1 [MþCl]� 624.3127 624.3109 �2.9
PDE — — b —
PPG 10 1 624.3135 1.3

9 PEG 10 1 [MþLi]þ 882.4576 882.4592 1.8
PDE 10 1 882.4591 1.7
PPG 10 1 882.4558 2.0
PEG 2 1 [MþCl]� 910.4114 910.4096 �2.0
PDE 1 1 910.4110 �0.4
PPG 1 1 910.4081 �3.6

10 PEG — — [MþLi]þ 1213.5308 a —
PDE 50 0.5 1213.5304 �0.3
PPG 50 0.5 1213.5267 �3.4
PEG — — [MþCl]� 1241.4846 a —
PDE 0.05 1 1241.4845 �0.1
PPG 0.5 1 1241.4819 2.2

(Continues)

Copyright # 2008 John Wiley & Sons, Ltd. Rapid Commun. Mass Spectrom. 2008; 22: 533–540
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Table 1. (Continued)

No. Standard

Concentration (mM)

Ions

Masses

DM
(ppm)Sample Standard Calculated Measured

11 PEG 10 1 [MþLi]þ 696.3385 696.3373 �2.3
PDE 10 1 696.3415 4.3
PPG 10 1 696.3392 1.0
PEG 10 1 [MþCl]� 724.2923 724.2898 �3.5
PDE — — b —
PPG 10 1 724.2891 �4.4

12 PEG 10 1 [MþLi]þ 848.3971 848.3956 �1.8
PDE 10 1 848.3974 0.4
PPG 10 1 848.3949 �2.6
PEG 1 1 [MþCl]� 876.3509 876.3513 0.5
PDE 0.2 1 876.3533 2.7
PPG 0.5 1 876.3536 3.1

13 PEG 5 1 [MþLi]þ 916.4345 916.4306 �4.3
PDE 10 1 916.4344 �0.1
PPG 10 1 916.4340 �0.5
PEG 0.5 1 [MþCl]� 944.3884 944.3867 �1.8
PDE 0.02 1 944.3884 0
PPG 0.5 1 944.3839 �4.8

Each row represents an analysis showing the type of standard, the optimal concentration applied, and the calculated andmeasuredmasses with
the accuracy.
aIn the case of compound 10, using PEG standard, a reference peak overlapped with the analyte peak; therefore, the accurate mass could not be
determined.
bSignal intensities were too low to determine the accurate masses.

Figure 2. Spectrum of PPG reference standard with LiCl in acetonitrile; C(PPG): 1mM; LiCl-content: 10� d.

Copyright # 2008 John Wiley & Sons, Ltd. Rapid Commun. Mass Spectrom. 2008; 22: 533–540
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ESI-MS measurement of
phosphoramidite samples
Ten nucleoside and 20-deoxynucleoside phosphoramidites

and three non-nucleoside phosphoramidites (50-amino

modifier, biotin and fluorescein containing phosphorami-

dites, compounds 8, 9, 10) were chosen in order to test the

applicability of the ESI-MS approach to the determination

of accuratemass (Fig. 1). The nucleosides included 2-cyanoethyl

phosphoramidites of 20-deoxyadenosine, 20-deoxycytidine,

20-deoxyguanosine, 20-deoxythymidine, 20-O-triisopropylsilyl-

oxymethyluridine, and the 30-O-succinyl hexamide

20-deoxythymidine (compounds 1–4, 6, 7). Also examined

were a 30-O-ethylphosphoramidite of 20-deoxythymidine

(compound 5) and three phosphinoamidites containing

oxidation-sensitive P–C bonds (one methylphosphinoami-

dite and two 30-O-(diisopropylamino) phosphinoacetic acid
Figure 3. Mass spectra of compound 6. Reference standar

peak of the analyte.

Copyright # 2008 John Wiley & Sons, Ltd.
1,1-dimethylcyanoethyl esters of 20-deoxynucleosides, com-

pounds 11, 12 and 13). LiCl previously optimized at 100�d

was used as the final solution in all cases. The polymeric

reference standards were 1mM (0.2mM was applied when

sample intensities were too low even when using higher

sample concentrations). Starting concentrations of phos-

phoramidites were 10mM.When the intensities of polymeric

standard and analyte signals were not in the same range, the

sample concentration was modified to 0.05–50mM. Optimal

concentrations were found by 1–3 injections for both positive

and negative ionizationmodes. Optimal conditionswere also

found for PEG, PDE and PPG. In a few cases, when the PDE

reference standard was applied, the signal intensities were

too low to determine the accurate masses even with several

sample concentrations. For compound 10, the analyte peak

overlapped with the reference signal for PEG as the
ds: PEG (A), PDE (B); and PPG (C). Arrows show the

Rapid Commun. Mass Spectrom. 2008; 22: 533–540
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Table 2. Reproducibility studies using compound 4with PEG

reference standard

Ionization
mode

Measured
m/z

DM
(ppm)

Average
error (ppm)

SD
(ppm)

Positive 751.3420 �3.1 1.8 1.21
751.3424 �2.5
751.3426 �2.3
751.3441 �0.3
751.3438 �0.7

Negative 779.2969 �1.7 1.3 1.51
779.2997 1.9
779.299 1.0
779.2989 0.9
779.2974 �1.0

SD: standard deviation.
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molecular weights (MWs) are almost identical. Generally, the

range of sample MWs were 589 to 1206; therefore, reference

polymer mixtures having 1000 as the average MW were

used. In the case of compound 8 (MW: 589), the reference

standardMWswere 600 or 725. Typical spectra can be seen in

Fig. 3 with compound 6 as analyte. The two nearest reference

peaks were used for mass calibration. The best concen-

trations of each phophoramidite with different standards,

the theoretical and measured molecular weights, and

accuracies are shown in Table 1.

During optimization of analyte and polymeric reference

concentrations, our aim was to find an approximate 1:1 ratio

for the analyte/reference signal intensity. In most cases

the ratio was between 1:0.5 and 1:2, which is suitable for

accurate mass determination. Occasionally, ratios of 5:1 to 1:5

were observed. Optimal sample concentrations were depen-

dent on the applied reference standard and the ionization

mode (Table 1). For PPG very similar sample concentrations

were found as optimal for both the positive and negative

mode. In contrast with PEG in the negative mode,

approximately five to ten times lower concentration was

necessary when compared to the positive detection mode. In

order to obtain comparable signal intensities with the PDE

standard, lower concentrations (10–50�) were used in the

negative ion mode but, in the positive mode, concentrations

were similar to those used for PPG and PEG. These results

suggest that the formation of [MþCl]� ions from PEG and

PDE standards was suppressed which did not occur with

PPG. On the other hand, in the positive mode, no significant

differences were observed in signals among these reference
Figure 4. Effect of TEA and Naþ impurities (analy

Copyright # 2008 John Wiley & Sons, Ltd.
standards. Although there were small differences between

the optimal concentrations for the samples, no relation was

found between the phosphoramidite structures and the

optimized concentrations.

As we used a quadrupole time-of-flight (Q-TOF) instru-

ment, we did not expect the same high accuracy and

reproducibility as observed when using a double focusing

sector instrument. However, the mass accuracies varied by

less then 5 ppm and mostly below 3ppm when compared to

the calculated masses. The average mass error and standard

deviation were 1.7 and 2.2 ppm, respectively. There were no

significant differences in standard error between the three

references and also the positive and negative detection

modes. To test the reproducibility of this procedure,
te: compound 10; reference standard: PDE).

Rapid Commun. Mass Spectrom. 2008; 22: 533–540
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compound 4 was injected and measured consecutively five

times using the PEG standard and previously optimized

concentrations in the positive and negative detection modes.

Data in Table 2 show relatively good reproducibility. The

average errors and standard deviations were less than 2 ppm

in both positive and negative ion modes.

Other observed effects
Because we applied the lowest possible LiCl concentrations,

[MþNa]þ ions were sometimes detected near [MþLi]þ ions

in the positive mode, mainly when molecular sieves were

used to dry solvents. Noteworthy, the use ofmolecular sieves

for drying saturated LiCl/acetonitrile solutions eliminated

almost completely the [MþLi]þ adduct from the spectra.

Presumably this was due to the ion-exchange properties of

molecular sieves. Therefore, other drying agents and

procedures were used for drying solvents (e.g. acetonitrile

distillation from phosphorus pentoxide).

Another interesting adduct-ion series contained proto-

nated triethylamine (TEA) instead of Liþ. [MþTEAþH]þ

ions were observed in some samples in the positive detection

mode for not only the analyte peak, but also the polymeric

reference signals. These ghost-peak signals sometimes had

comparable intensities to [MþLi]þ peaks (Fig. 4). The mass

difference between [TEAþH]þ and Liþ is 95, but the

difference between the two nearest reference peaks is 44

and 58 for PEG/PDE or PPG, respectively. Therefore, the

observed m/z differences compared to the nearest reference

peaks wereþ7 andþ37 for PEG/PDE and PPG, respectively.

The main reason for TEA in the samples is that this amine is

usually applied in the eluent during the chromatographic

purification process in order to avoid decomposition of

acid-sensitive compounds on silica gel. After evaporation,

traces of TEA may remain in the product. It can be avoided

by using pyridine instead of TEA to neutralize the

chromatography column before purification of the phos-

phoramidite.

Applying Liþ as an ion-forming agent in the positive mode

has another advantage. The natural Li isotopic distribution is

8% of 6Li and 92% of 7Li, thus it can be used as a marker for

Li-containing peaks in analysis of the mass spectra. Among

the elements found in most organic compounds, only boron

has a similar ‘m – 1’ isotope peak (with 25% intensity) when

compared to the most intense isotope signal. Therefore, mass

spectrometric analysis of simple organic compounds,

including phosphoramidites (which do not contain boron

or any transition metal elements), by determining Liþ-

containing peaks is very easy.
CONCLUSIONS

Based on the LiCl/acetonitrile method, a simple accurate

mass determination procedure was developed for analyzing

highly acid-sensitive phosphoramidites. Three different

polymeric reference standards (PEG, PDE and PPG) were

applied and the LiCl/sample/reference concentrations

were optimized for thirteen different phosphoramidites.

These phosphoramidites were selected so as to contain many

different structural elements including nucleosides with

ribose or 20-deoxyribose and having various protecting
Copyright # 2008 John Wiley & Sons, Ltd.
groups on nucleobases and sugars, several phosphorous

modifications (ethyloxy, cyanoethoxy, methylphosphino-

amidite, acetic acid phosphinoamidites) and also fluorescent

dye or biotin moieties. In all cases, the analyses were

performed successfully for both positive and negative detec-

tion modes with comparable reference and analyte signals

as Liþ and Cl� adducts. The accuracy of the measurement

had a standard deviation usually less than 3 ppm with

excellent reproducibility (�2.2 ppm). Potentially challenging

effects, as observed during the analyses, were also investi-

gated. For example, TEA was found as an interfering

impurity in the samples. We could see no significant

differences in the sensitivity and accuracy among the

compounds, which means the success of the analyses did

not depend on the phosphoramidite structure. All of these

results suggest that this method is generally applicable,

convenient and a powerful tool for analyzing acid-sensitive

phosphoramidites.
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